













Ageing brings on a variety of changes in the human anatomy. However, one of the most profound and sometimes devastating outcome is the effect ageing has upon the brain. Both post-mortem autopsy studies and structural neuroimaging studies have contributed to our knowledge of the ageing brain. Recent observations from the ‘Baltimore Longitudinal Study of Aging’ suggest that the volume of the ventricles of the brain enlarges with age by around 1526 mm3 within a single year, and that the total grey- and white-matter volume decrease significantly (Resnick et al., 2000). However, the effects of ageing are not uniform across the entire brain, and many regions begin to show signs of thinning and volume reduction earlier than others. Neuroimaging studies have implicated the frontal lobes as the site of many of the early changes associated with ageing. Magnetic Resonance Imaging (MRI) studies have shown that grey-matter volume decline is initially most obvious in the frontal lobes, beginning in young adulthood and progressing gradually over the rest of the lifespan (Giedd et al., 1999). Similarly, post-mortem studies have noted that older brains typically display a lower frontal lobe grey-matter volume than younger brains (Haug & Eggers, 1991). However, white-matter changes also are most prevalent in this area, with general expansion until around the age of forty-four before a rapid and sudden decline in volume (Bartzokis et al., 2001). These reductions in both white- and grey-matter volume are generally the result of cell death or neuronal shrinkage.

However, it is important to consider that the frontal lobes are not uniform in their architecture or function. The frontal lobes can be roughly segregated into precentral (i.e. primary and supplementary motor areas) and prefrontal regions (e.g. Barbas & Pandya, 1989) both in terms of anatomy and evolution, with the latter region thought to be responsible for a variety of executive and emotional behaviours (e.g. Baddeley & Della Sala, 1996). Recently, accounts of subdivision within the frontal lobes have been supported by evidence from ageing brains. Indeed, the prefrontal cortex (PFC) has been shown to be particularly vulnerable to the effects of ageing (Coffey et al., 1992; Cowell et al., 1994; Daigneault, Braun, & Whitaker, 1992; Daigneault & Braun, 1993). The PFC is considered the seat of a vast range of executive and emotional processes, and is often highly connected to other, non-PFC regions of the brain (e.g. Cummings, 1995; Öngür & Price, 2000). Many of the studies which will be discussed below explicitly investigate the PFC and compare it to non-PFC regions (often defined as any non-frontal lobe region) in terms of architecture or function. However, age-related changes manifest in the PFC before changes in most other cortical areas (Raz, 2000). The PFC seems to exhibit a sharp and early decline in white- and especially grey-matter volume (Raz et al., 1997), leading to a significantly lower total PFC volume in the very old (Salat et al., 1999). Though there are accounts of preserved PFC activation in elderly participants (e.g. Cabeza et al., 1997) especially in memory retrieval, the majority of evidence suggests a global decline in PFC activity. Raz et al. (1998) has shown a relation between global decline in PFC volume and a higher degree of perseverative errors made in tests of executive function. Additionally, a recent MRI study by Salat et al. (2004) identified a high degree of cortical thinning over the PFC in middle-aged individuals, more so than other frontal areas. A decline in cerebral blood flow has also been observed, almost selectively in the PFC region (see Waldemar, 1995). A detailed post-mortem study by Uylings and de Barbander (2002) noted significant neuronal cell loss and shrinkage of dendrites in the PFC. However, a recent account by Burke and Barnes (2006) argues that neuronal death and shrinkage are not the only neurophysiological changes that occur in ageing. Indeed, significant alterations in functional plasticity, especially within the PFC, contribute to the decline of certain cognitive abilities with age. Such a change in plasticity can be due to several factors, such as a reduction in synapse number or alterations in gene expression (Burke & Barnes, 2006). These factors inhibit the connectivity of parts of the PFC and their networks with other brain areas, thus resulting in the observed cognitive decline with age. Such converging evidence from Neuroimaging studied and post-mortem studies suggest that ageing is not a global process, and that it is region-specific in both its prevalence and onset. 

The physical distinction between three particular prefrontal areas can be made clear by looking at standard maps of the brain, such as Brodmann’s Areas. In particular, the dorsolateral prefrontal cortex (DL PFC) can be defined as BAs 9 and 46, the orbital prefrontal cortex (O PFC) can be defined as BAs 10, 11, 12, 14, and parts of 47, and the medial prefrontal cortex (M PFC; which includes the Anterior Cingulate regions) can be defined as BAs 6, 24, 25 and 32. It has been noted that the positions and connections of these three areas are remarkably similar across species (Uylings & Van Eden, 1990). In humans, however, various anatomical maps have been created to the divisions of the frontal lobe and their subdivisions (Petrides & Pandya, 1999; 2002; Öngür et al., 2003). Often the distinction is based on the different granular regions of the frontal lobe (Barbas & Pandya, 1989), though more detailed staining studies have also supported a startling amount of differentiation within the prefrontal cortex – with the orbital and medial regions alone comprising of over 20 distinct subregions (Carmichael & Price, 1994).






Prefrontal Investigations of Ageing

Dorsolateral PFC Age-Related Decline
As previously mentioned, the physical process of ageing has been heavily researched, with the PFC noted as an area showing particularly early decline. Various studies have hinted at the differential vulnerability of the three areas within the PFC. DL PFC regions in particular have been suggested to be susceptible to age-related decline (West, 1996). Neuronal shrinkage has been shown to particularly affect DL PFC regions such as BA 46 (Terry et al., 1987; see also Phillips & Della Sala, 1998), with linear decreases seeming to begin around middle-age (Haug & Eggers, 1991). Similarly, DL PFC tissue loss is prevalent across most of the elderly population (Raz et al., 1999). Indeed, Kwee and Nakada (2003) examined Cerebral Blood Flow (CBF; an indicator of metabolic activity and cortical health) and activation patterns in elderly individuals using functional Near-Infrared Spectroscopy and found that both activation and blood flow in the DL PFC were significantly reduced with age. Recent evidence suggests that the most pronounced reduction in DL PFC volume is sex-dependent, though some studies suggest women are more vulnerable to volume decline (Cowell et al., 2007) whereas others suggest this is the case in men (Gur et al., 2002). Smith et al. (2004) demonstrated that parts of the non-human primate DL PFC, namely BA 8A, show a high degree of neuronal death with age. This is contrasted to other DL PFC areas such as BA 46, which show relatively little reduction in neuron number. Elderly individuals have shown significantly lower DL PFC activation while performing a Stroop task (Milham et al., 2002) or a memory task (Grady et al., 2006), and these patterns are accompanied by poor performance on such tasks.  Measures of CBF have also shown the vulnerability of the DL PFC, with elderly participants showing a significantly reduced flow of blood to DL PFC areas during a modified card-sorting task (Nagahama et al., 1997) and also the Raven’s Progressive Matrices task (Esposito et al., 1999).

Orbital PFC Age-Related Decline
Recent studies have reported a significant degree of grey-matter volume decline within orbital regions of the PFC (Raz et al., 1997; Resnick et al., 2003; Tisserand et al., 2002). Recent studies suggest that the O PFC is one of the areas that show early and major tissue loss in people with Mild Cognitive Impairment (MCI) (Resnick et al., 2003). In particular, age-related grey-matter volume decline has been noted to be prevalent in the medial and lateral areas of the O PFC (Convit et al., 2001; Raz et al., 1997; Resnick et al., 2000; Resnick et al., 2007). However, recent region-specific evidence of neurofibrillary tangles and amyloid plaques also hints at O PFC vulnerability. Indeed, the onset of these phenomena seems to begin around middle age, with neurofibrillary tangles first seen in the entorhinal cortex and the hippocampus before also being observed within O PFC regions (Braak & Braak, 1997). Meanwhile the first signs of amyloid plaque build-up have been observed in the O PFC and the lateral temporal cortex (Braak & Braak, 1997). It is this build-up of amyloid plaques that is most concerning, as it could indicate that the loss of volume in this area, especially that of the grey-matter volume, may be due to the associated neurotoxic effects of such a build-up. Indeed, recent studies have suggested that around 10% of middle-aged individuals within the healthy-ageing population already exhibit amyloid plaque deposits (e.g. Price & Morris, 1999; Mintun et al., 2006).

However, the evidence regarding the susceptibility of the O PFC to age-related decline is mixed. Indeed, Haug and Eggers (1991) noted that age related shrinkage in O PFC neurons (particularly within BA 11) occurs later and less rapidly than other PFC regions (see also West, 1996; Phillips & Della Sala, 1998). Similarly, Salat et al. (2001) observed relatively preserved white-matter volume within the orbital regions of the PFC when compared to other regions. Indeed, white matter volume decline with age seems to be largely global over frontal areas (Resnick et al., 2003). Activity in terms of metabolism also appears to be relatively preserved within O PFC regions, compared especially to DL PFC regions (De Santi et al., 1995). Thus, whilst O PFC decline undoubtedly occurs it may be that this is after and to a lesser-degree than age-related decline in DL PFC regions in particular.

Medial PFC Age-Related Decline





Thus, in terms of physical and functional age-related decline it appears that the majority of evidence points towards relative decline of DL and O PFC regions compared to relative sparing of M PFC regions. Such evidence broadly fits with established theories of age-related changes. Early theories of cognitive ageing focused around general decline, especially of the PFC (Daigneault & Braun, 1993; Moscovitch & Winocur, 1995; West, 1996). Only recently have theories begun to adapt to the possibility of subdivisions within the PFC, and how these are differentially affected by the ageing process. Whilst past research tended to compare the performance of young and older participants on individual tasks, one recent study (Salat et al., 2002) investigated patterns of decline over several prefrontal tasks. The authors found that older participants committed significantly more errors than younger individuals on all of the administered prefrontal tasks. As such, they proposed a theory of global prefrontal decline with age. However, two persuasive accounts of region-specific cognitive decline have also been proposed (MacPherson et al., 2002; Lamar & Resnick, 2004), each of which is supported by a wealth of anatomical and cognitive evidence. MacPherson and colleagues (2002) conducted a similar investigation as Salat et al. (2002) yet found evidence for functional deficits in particular tasks, primarily in those chosen to represent DL prefrontal regions of the brain. Such tasks centred on executive function and manipulation of working memory (WM). Working memory refers to the ability to store and manipulate data over short periods of time whilst performing a cognitive task. In contrast, MacPherson et al. (2002) found little evidence for impairment of other regions, such as the O PFC (which the authors refer to as the Ventromedial PFC) whose functions are often associated with emotion and social decision making. As such, MacPherson et al. (2002) proposed an account of cognitive ageing in which declines in DL region function are responsible for the pattern of impairments noted in older adults. More recently, Lamar and Resnick (2004) have contended these findings. The researchers carried out a similar study in which they compared performance on several different tasks which they believed to be indicative of region-specific function. Lamar and Resnick (2004) found that older individuals performed significantly worse on several tasks thought to tap O PFC (referred to as the Orbitofrontal cortex) function, whilst they showed relatively intact performance on most measures of DL PFC function. As such, Lamar and Resnick (2004) proposed a theory of cognitive ageing whereby O PFC functions – decision making and stimulus-response associations – are more sensitive to the effects of ageing than DL PFC functions. Though the two proposals seem mutually exclusive, closer examination of both studies reveals a series of differences which serve to cloud possible comparisons. 





Table 1.1 Comparing MacPherson et al. (2002) with Lamar and Resnick (2004) in terms of theory and methodology.
Differences	MacPherson et al., 2002	Lamar & Resnick, 2004
DefinitionsDorsolateralOrbital	(‘Dorsolateral’)(‘Ventromedial’)	(‘Dorsolateral’)(‘Orbitofrontal’)
Tests UsedDorsolateralOrbital	Self-Ordered Pointing taskDelayed Response taskWisconsin Card Sorting taskIowa Gambling taskFaux Pas taskEmotional Identification	Self-Ordered Pointing taskLetter FluencyMonths BackwardIowa Gambling taskDelayed Non/Match to Sample
Findings (sig. Age Effects)DorsolateralOrbital	Self-Ordered Pointing taskDelayed Response taskWisconsin Card Sorting taskEmotional Identification (Sadness only)	Self-Ordered Pointing taskDelayed Non/Match to Sample






Tests for Assessing Specific Function

Many recent ageing studies have used particular tests to indicate the functions of particular prefrontal regions, and thus become a measure of relative decline over the lifespan (e.g. MacPherson et al., 2002; Lamar & Resnick, 2004). However, due to the high-degree of connectivity between prefrontal structures it is often very difficult to ensure that an experimental task specifically recruits one particular region of the brain. Thus, it is important to highlight tests which would predominantly recruit one specific area, as performance on such tasks would indicate functional intactness of the necessary structures. For example, tests of DL PFC function must be chosen because they require undamaged DL PFC regions for successful performance, or mainly involve activation of these regions at the exclusion of others. Both MacPherson et al. (2002) and Lamar and Resnick (2004) considered this, and chose tasks to represent DL and O PFC regions accordingly. However, such a consideration is yet to be made for M PFC tasks. In order to accurately reflect the functions of the three PFC regions – dorsolateral, medial, and orbital – various tests will be reviewed for their specificity in their recruitment of prefrontal areas. However, it should be noted that no test of frontal function is localised to one specific neuroanatomical correlate, and many tests involve elements likely to be dealt with by different brain regions. 










Patient and Lesion Studies
Waltz et al. (1999) administered a variety of problems taken from RPM to patients with neurodegeneration of the DL PFC (i.e. participants with early frontal-variant Fronto-temporal Dementia) and those with neurodegeneration of the anterior temporal lobes (i.e. participants with early temporal-variant Fronto-temporal Dementia). Waltz and colleagues (1999) found evidence for a double dissociation between the two patient groups, with those presenting with DL PFC damage performing significantly worse on the RPM task yet significantly better on tests of episodic memory. The authors concluded that the DL PFC in particular is necessary for combining the relations between elements, with impairments leading to problems integrating multiple and more complex relations.

Neuroimaging Studies
Similarly, neuroimaging studies have implicated both BA 9 and BA 46 in healthy individuals with increasing relational complexity during the RPM task (Kroger et al., 2002; Prabhakaran et al., 1997). However, these studies have also identified activation of other areas such as BA 47 and BA 10 during normal task demands, and activation of BA 6, BA 8 and BA 32 when distracting elements – i.e. those which do not progressively change within the matrix – are also included (Kroger et al., 2002; Prabhakaran et al., 1997). Thus, M PFC activation can be observed during versions of the RPM task where participants are forced to determine which elements are important to the problem. This contrasts to the predominant DL PFC activation observed during normal versions of the RPM task, in which all elements within the matrix are relevant. 

Ageing Studies
An early study performed by Foulds and Raven (1948) suggests that RPM scores do seem to decline with age. Similarly, Salthouse (1993) administered the RPM task to a broad age range of individuals. Salthouse (1993) found that younger individuals performed significantly better than older individuals, and that the age-related decline in performance could largely be explained by gradual WM deficit. Likewise, Barr and Giambra (1990) observed age-related declines in RPM score, and noted RPM scores to correlate highly and negatively with age.





The Self-Ordered Pointing task (SOPT) is commonly used as a test of WM and monitoring (Petrides & Milner, 1982). On each trial in the SOPT participants are required to examine an array of items, such as pictures or words, and choose an item they have not previously chosen. After each trial the array is rearranged, forcing participants to remember all of the items they have previously chosen, and not just their locations. The difficulty of the task can be manipulated by simply increasing the size of the array – thus increasing the number of items to be stored within WM. 

Patient and Lesion Studies
Petrides and Milner (1982) administered the SOPT to both participants with frontal lobe lesions, which included DL PFC involvement, and participants with temporal-lobe lesions. The authors found that DL PFC lesion patients performed significantly worse on the task than temporal-lobe lesions patients, suggesting that the former group show an executive deficit in organising and monitoring the items within their WM. Wiegersma et al. (1990) compared the performance of frontal lobe lesion patients with healthy controls on a self-ordered pointing task with numbers as stimuli. The researchers found that frontal lobe patients committed more errors of repetition than controls. However, the frontal lobe lesion patient group recruited by Wiegersma et al. (1990) included some patients with no PFC damage. Furthermore, such general ‘frontal lobe’ patient groups can only reveal so much, and if any particular area is to be implicated in performance then patients with more specific lesions are required.

However, studies which aim to relate more specific areas of damage to self-ordered task deficits are somewhat less clear-cut. De Zubicaray et al. (1997) noted that patient E.W. – who presented with DL PFC impairment – performed significantly worse than healthy controls on both spatial and non-spatial versions of Petrides and Milner’s SOPT. In contrast, Chase et al. (2008) compared patients with right Inferior Frontal Gyrus (IFG, which the study defines as roughly BA 44 and 45) lesion patients with non-IFG lesion patients and healthy controls on a self-ordered search task taken from the Cambridge Neuropsychological Test Automated Battery (CANTAB; Sahakian et al., 1988) only to observe impaired performance by the right IFG lesion group. In the task used by Chase et al. (2008) participants are required to find a blue token by searching an array of boxes, with the rule that they are not allowed to return to a box they have previously searched within the trial until they have found the token. Also, participants are told that the token will change position between each trial. Chase et al. (2008) found that right IFG patients made significantly more errors than either the healthy control group or the non-IFG patients, and suggested that right IFG patients failed due to poor strategy use. Whilst this seems at odds with the notion that it is primarily the DL PFC which is necessary for successful self-ordered task performance, it is important to note that the differences in performance between the right IFG and the non-IFG patients disappear when lesion volume is controlled for during data analysis. Indeed, the lesions categorised as ‘right IFG’ may be large enough to extend to DL regions such as BA 46, while such areas were also damaged in the ‘non-IFG’ group. 

This is not to say, however, that the evidence for the involvement of other PFC regions is negligible. In addition to the above suggestion of IFG involvement Berlin et al. (2004) suggests that O PFC damage may also impair performance on a self-ordered task. They observed that O PFC lesion patients commit significantly more between-trial errors (i.e. visiting a box in which the participant had found a token on a previous trial) than healthy controls. This suggests a strategy application deficit similar to that shown by the right IFG patients previously described. However, this is at odds with a previous study by Manes et al. (2002) which compared the performance of O PFC damaged patients to groups of other patients and healthy controls. Manes et al. (2002) found that DL lesion patients committed significantly more errors on the CANTAB self-ordered task than O PFC patients. In particular, while the O PFC lesion group were surprisingly unimpaired, DL and wide-spread lesion patient groups performed much worse on measures of strategy use. It is important to note that Berlin et al. (2004) also observed that non-O PFC lesion patients, most of whom showed DL PFC damage (e.g. BA 9), made significantly more between- and within-trial errors (i.e. visiting a box which the participant has already searched in that trial) than healthy controls. Another noteworthy consideration is the differences between the Petrides and Milner (1982) task and the CANTAB task. In particular, the tokens that are found in the CANTAB task visibly accumulate, so that the participants is given reward-based feedback which may invite activation from more orbital areas of the PFC. Thus, while it seems that orbital prefrontal regions may be involved in using task information to create a search strategy between-trials, DL prefrontal regions are likely responsible for applying this strategy in real-time and within-trials by manipulating WM. 

Additional evidence for region-specific involvement in self-ordered task performance can be taken from studies of various disorders. For example, early-stage Parkinson’s Disease patients taking levidopa medication commit significantly more errors than controls and non-medicated Parkinson’s Disease patients on self-ordered pointing tasks which use either representational drawings or abstract designs (Gotham et al., 1988). Such a deficit is likely due to the over-stimulation of dopaminergic networks, such as is present in the DL PFC, by levidopa medication. Similarly, Best et al. (2002) investigated possible impairments in participants suffering from Impulsive Aggressive Disorder, which is characterised by O and M PFC down-regulation. Indeed, whilst such patients are impaired on orbital and medial-associated tasks they perform similarly to healthy controls on a SOPT.

Neuroimaging Studies
Despite somewhat disputed evidence for DL PFC activation from patient-based research, neuroimaging studies also point towards specific activation during performance of self-ordered tasks by healthy individuals. An early Positron Emission Tomography (PET) study of healthy males found that the right mid-DL PFC (BA 46) was significantly more activated in a SOPT compared to activation patterns during an experimenter-ordered pointing task (Petrides et al., 1993). Similarly, a PET study by Curtis et al. (2000) pointed towards a significant increase in right DL PFC activity during an object-based SOPT, with no increase in activity noted in more orbital areas of the PFC. The task used by Curtis et al. (2000) differed slightly to the more standard SOPT in that it consisted of 11 monochrome 3D shapes which changed positions after each choice. Importantly, they attempted to address the problem of participants adopting a strategy involving selecting the same location continually by presenting a black square to mask the location of the previous choice. However, unlike the SOPT used by Petrides et al. (1993), this 3D shape self-ordered task did provoke additional orbital activation (BA 10/11).

Ageing Studies
Age-related impairments in SOPT performance have previously been noted in several studies (e.g. West et al., 1998; MacPherson et al., 2002; Lamar & Resnick, 2004). Shimamura and Jurica (1994) observe significantly worse performance by older individuals on the SOPT than younger individuals. Interestingly, Shimamura and Jurica (1994) note that a group of individuals aged 61-70 tend to make more errors on the second SOPT trial compared to the first. In contrast, a slightly older group of individuals aged 71-80 tended to make fewer errors on the second trial compared to the first. Shimamura and Jurica (1994) suggested that recognition memory produces an unusually high inhibitory effect for previously viewed stimuli in the former group of individuals. In contrast, the impairment of the latter group can be explained by a more general deficit in monitoring WM. Chaytor and Schmitter-Edgecombe (2004) used an identical task to test older individuals in two sessions 4 years apart. The authors note that increasing age is associated with an increasing number of errors on the second session. However, the authors also discuss evidence for selective processing speed and internal monitoring (i.e. of WM) deficits in older individuals, and suggest that these may well account for the majority of age-related decline.

When both patient and neuroimaging evidence are taken together, self-ordered tasks seem to commonly activate DL PFC regions. Whilst the CANTAB self-ordered task may seem to recruit both DL and O PFC areas, the evidence regarding the Petrides and Milner (1982) SOPT seems somewhat more specific. Indeed, by removing the provision of reward and feedback the SOPT reduces any O PFC involvement. Likewise, case studies and other patient-based research suggest that DL PFC involvement is necessary for successful performance, whilst PET studies implicate the right DL PFC in particular for performance-related activation. Similarly, the SOPT seems to be highly sensitive to age-related cognitive decline, and as such should prove a useful task for use in ageing research.
Wisconsin Card Sorting Task

The Wisconsin Card Sorting task (WCST; Grant & Berg, 1948; later modified by Nelson, 1976) is a popular test of set-shifting, attention, and inhibition widely used in both patient and neuroimaging literature. In the WCST patients are presented with a deck of cards – each of which depicts a certain number and colour of shape. Participants are required to sort the cards according to a rule set by the experimenter, such as by colour (a ‘green’ pile, a ‘red’ pile etc.) by placing cards one-at-a-time from the deck onto the correct pile. However, in the most common form of the WCST this sort rule is kept a secret by the experimenter, and participants are required to discover the rule for themselves through trial and error. During this task, the experimenter gives the participants feedback after each card placement by saying “correct” or “incorrect”. However, the sort rule also changes during the experiment, usually after a series of correct card-placements by the participant. Thus, if participants had previously correctly sorted by the colour of shapes on each card but begin to receive negative feedback from the experimenter they should be able to realise that the sort rule has changed, and should try different sort rules accordingly. 

Patient and Lesion Studies
Various patient studies have been carried out using the WCST since its inception in 1948. However, most of these have noted WCST deficits in more than just those with DL PFC damage. Indeed, whilst Dias et al. (1997) found that monkeys performed significantly worse on a WCST-like task after surgical DL PFC lesions, they also noted significantly reduced inhibitory control in O PFC lesion monkeys. Similarly, a human lesion patient study performed by Stuss et al. (2000) compared the performance of various patient groups with region-specific lesions. The authors noted that both patients with DL and those with M PFC damage performed significantly worse than other patient groups on the WCST. Indeed, such patients achieved less sorting categories, and committed more perseverative errors during the task (i.e. repeating a previously correct or incorrect sort). Furthermore, O PFC lesions patients also fail if they are informed of the possible sorting rules before the task (i.e. shape, colour, and number) but not warned that a rule switch may occur or given the appropriate rule during the task. Interestingly, Davidson et al. (2008) notes that although FL lesion patients perform significantly worse than non-FL patients the location of the damage does not contribute towards their WCST performance. Thus it seems difficult to conclude that DL PFC involvement alone is necessary for the deficits observed in frontal lobe patients.

Neuroimaging Studies
Early investigations of task-related activity during WCST performance focused around DL PFC involvement. Marenco et al. (1993) compared activation in healthy individuals between WCST performance and performance in a simple card-matching task. By subtracting the activation pattern of the simple matching task Marenco et al. (1993) attempted to implicate the regional activation unique to the WCST. The authors observed significantly increased blood flow to posterior DL PFC regions during the WCST, suggesting that such areas are responsible for attention and set-switching. Similarly, Konishi et al. (1999) found evidence of DL PFC activation using functional Magnetic Resonance Imaging (fMRI) during the WCST. This pattern of activation was still prevalent even during a condition where participants were informed of the new sort rule one trial after the rule switch. In doing so, Konishi et al. (1999) limited the WM demands placed by the ‘trial and error’ rule discovery method, and thus controlled for any associated activation which may have clouded the initial results. Thus, the authors concluded that DL PFC regions underlie the process of switching sort rules, beyond the WM requirements of the WCST. 

However, the WCST has been noted to provoke activation within other PFC regions besides the DL PFC. An early PET study performed by Berman et al. (1995) suggests both O (BAs 10 and 11) and M (BA 32) PFC activation accompanies DL PFC involvement during WCST performance. Likewise, Nagahama et al. (1996) used a subtraction design to examine WCST-related activation, and found evidence for similar regional involvement as Berman and colleagues. A recent fMRI investigation performed by Specht et al. (2009) also notes PFC-wide activation in a WCST when controlling for WM activation. Buchsbaum et al. (2005) conducted a meta-analysis of neuroimaging studies that use the WCST. Even during set shifting, which was noted above to provoke DL PFC activation, evidence of additional M PFC activation has been found (Konishi et al., 1998). Buchsbaum et al. (2005) found that activation common to the majority of studies was limited to M (BA 6) and O (BAs 10, 11, and 47) PFC regions. When the authors broke the WCST into component processes they found that set-switching in particular was associated with a variety of M PFC activation (BAs 6, 24, 32) in addition to DL PFC activation (BA 9). 

Ageing Studies
The WCST has been extensively used as a measure of cognitive function in ageing studies. In particular, age effects have been noted on both the ability to maintain the current rule (Ashendorf & McCaffrey, 2008; Hartman et al., 2001) and the ability to switch rules (MacPherson et al., 2002; Ashendorf & McCaffrey, 2008; Nagel et al., 2008; Adrover-Roig & Barceló, 2010; Gamboz et al., 2009). Indeed, Nagahama et al. (1997) associated a significantly lower level of DL PFC activation with an increased number of perseverative errors in older individuals. Interestingly, and early study by Haaland et al. (1987) found that the oldest old-age group (aged 80-87) completed significantly fewer categories and committed significantly more perseverative errors than the youngest old-age group (aged 64-69), suggesting that WCST performance deteriorates rapidly in later life. However, age-related declines in processing speed have also been shown to explain a large proportion of WCST performance (see Fristoe et al., 1997; Bugg et al., 2006). Similarly, education (Rhodes, 2004), PFC volume (Head et al., 2009), and genetic factors (Nagel et al., 2008) have also been implicated in age-related WCST performance.





Digit Span Backwards tasks (DB) have commonly been used to assess WM in both healthy individuals and patients. DB tasks –unlike Digit Span Forwards (DF) tasks – require a great deal of attention and WM manipulation (Baddeley, 1992). As such, DB tasks have also been used as a measure of executive ability (Robbins, 1996). Some studies have suggested the additional involvement of visual imagery in DB performance. For instance, Rapport et al. (1994) noted that patients who exhibited unilateral neglect performed poorly on a DB task, suggesting that the effects of the neglect extended to space within visual WM. Similarly, a PET study performed by Gerton et al. (2004) found evidence of medial occipital cortex activation and suggested that this may indicate the use of visual imagery strategies during Digit Span tasks. In order to complete a DB task participants are likely to employ a mixture of both visuospatial manipulation (as the numbers appear on the page or in a mental representation) and verbal manipulation (as the numbers are read out or rehearsed; Larrabee & Kane, 1986).

Neuroimaging Studies
A neuroimaging study by Hoshi et al. (2000) demonstrates significant and predominantly right-sided activation within BA 9 and 46 in healthy individuals, thus implicating the DL PFC in the manipulation of WM. Likewise, Gerton et al. (2004) found evidence of bilateral DL PFC activation in healthy individuals undergoing PET imaging during a DB task. A recent Diffusion Tensor Imaging (DTI) study carried out by O’Sullivan et al. (2005) linked DB performance to the structural integrity of dorsolateral areas of the PFC. 

Patient and Lesion Studies
Stuss et al. (1998) noted that left- and bilateral-frontal lobe lesion patients perform significantly poorer on a DB task than control patients with non-frontal lesions and healthy controls. Similar results have been found in a more recent investigation of frontal lobe patient DB performance (Schnyer et al., 2004). Furthermore, certain patients have been shown to be impaired on a DB task without any evidence of general memory deficits. For example, Van der Werf et al. (1999) describe a single patient presenting with damage to the caudal intralaminar nuclei of the thalamus, an area with strong projections to frontal cortices. Whilst the patient was somewhat impaired on the DF task, they show even more impairment on the DB task without meeting the clinical criteria for dementia. 

Additional evidence of region-specific associated deficits in the DB task comes from non-lesion patients. For example, Moritz et al. (2002) compared the performance of patients with diagnosed unipolar depression, schizophrenia, or Obsessive Compulsive Disorder with that of healthy controls on a variety of tasks including the DB. Moritz et al. (2002) observed that whilst Obsessive Compulsive Disorder patients scored similarly to controls, depressive and schizophrenic patients scored significantly lower. The researchers note that these two disorders share a common problem in regulating DL PFC activity. Interestingly, Fitzgerald et al. (2006) observed that when Transcranial Magnetic Stimulation (TMS) was applied to the prefrontal cortex of clinically depressed individuals their performance on a DB task improved significantly. Rosen et al. (2002) compared DB task performance of patients with either Frontotemporal Dementia (FTD) or Semantic Dementia (SemD) against healthy controls. The FTD patients scored significantly lower than healthy controls whereas the SemD patients did not. Rosen et al. (2002) noted that despite the common degeneration of the O PFC in both dementias, the performance of FTD patients was likely due to the unique degradation of the right DL PFC.

Ageing Studies
An early study by Dobbs and Rule (1989) administered both the DB and the DF tasks to various age groups in order to assess WM declines across the lifespan. The authors found that older individuals recalled significantly fewer digits than younger individuals in the DF task, whilst there was a similar trend in DB task performance. Similarly, Hester, Kinsella and Ong (2004) observed a significant age effect on DB performance. Interestingly, the authors also observed that the age-related decline in DB performance was equivalent to DF performance declines in terms of progression rate. A meta-analysis of Span tasks conducted by Bopp and Verhaeghen, (2005) found that the DB task demonstrated stronger age-related effects than basic span tasks (such as the DF task), suggesting that manipulation rather than storage is the prominent WM deficit with age. Furthermore, a linear decline in WM manipulation on Span tasks appears to exist between young and old age (Bopp & Verhaeghen, 2005).





The Stroop task (Stroop, 1935; Dyer, 1973) has been commonly used as a measure of conflict monitoring, inhibition, and attention. Indeed, the classic version of the Stroop task involves participants being asked to read colour-related words such as ‘green’ whilst naming the colour that the word appears in. In some cases the lettering of the words is presented in a congruent colour to the actual word (e.g. the word ‘green’ presented in green), but in other cases the lettering is presented in an incongruent colour (e.g. the word ‘green’ presented in red). These latter cases cause a significant amount of response-conflict, and require participants to inhibit the tendency to name the word in favour of naming the colour.

Patient and Lesion Studies
Stuss et al. (2001) aimed to examine the contribution of different focal lesions to Stroop task performance by administering the colour-naming task to patients with frontal or non-frontal lobe lesions. They observed that frontal lobe lesion patients performed significantly worse than non-frontal patients and healthy controls in several conditions. Interestingly, they noted that different lesion locations were associated with different patterns of performance. In particular, left DL PFC damage was related to slower response times and more errors during the congruent colour-naming condition, but not during the incongruent colour-naming condition. Similarly, Vendrell et al. (1995) found that damage to BA 9 in particular was associated with an increase in errors on the incongruent colour-naming task. Other tasks which incorporate distracters as a way of measuring inhibition and response conflict have also implicated DL PFC regions in successful performance. For example, Chao and Knight (1995) observed that patients with focal lesions to DL PFC regions performed significantly worse on an auditory matching task when irrelevant sounds were introduced between stimuli as a distraction. Likewise, Gehring and Knight (2002) observed that patients with damage to the PFC (with particular overlap in BA 46) were significantly impaired by distracter stimuli when compared to parietal lesion patients and healthy controls. As such, and similar to its involvement in the Stroop task, the authors concluded that the DL PFC in particular is responsible for suppressing task-irrelevant information (Gehring & Knight, 2002; see also Cohen et al., 1990). 

However, it seems that non-DL PFC lesions are also related to certain deficits in Stroop task performance. Indeed, Stuss et al. (2001) noted that damage to the M PFC (including BAs 6 and 32) was associated with an increase in both reaction times and errors during the incongruent colour-naming condition. Similarly, Vendrell et al. (1995) found that only lesion damage to the right anterior cingulate was associated with extended reaction times both in congruent and incongruent colour-naming conditions.

Neuroimaging Studies
The patterns of cognitive activation which accompany the Stroop task, along with other such tasks, have been heavily researched of late. An fMRI study performed by Banich et al. (2000) found that DL PFC regions (such as BA 46) were increasingly activated during incongruent colour-naming trials. However, unlike the classic Stroop task, Banich et al. (2000) administered coloured objects in addition to coloured words. Interestingly, an increase in activation within BA 9 was observed during an object-naming condition as opposed to a colour-naming condition. This activation was associated with an increase in task-related demands, particular of attention, during object- rather than word-processing. Likewise, Vanderhasselt et al. (2006) found that TMS administered over DL PFC regions reduced reaction times on both congruent and incongruent colour-naming trials, thus improving Stroop task performance. However, the Stroop effect (i.e. slower reaction times on incongruent trials) persisted despite this improvement, thus implicating DL PFC regions in both simple and more complex attentional control.

Much like the observations gained from lesion studies, neuroimaging studies have also noted significant involvement from non-DL PFC regions. In an early fMRI study performed by Potenza and colleagues (2003) healthy individuals exhibited an increased activation within both DL (BA 9) and M (BA 32) PFC regions during incongruent trials. Similarly, Carter et al. (1995) observed both DL (BA 9) and M PFC activation during incongruent Stroop task trials. Indeed, MacDonald et al. (2000) suggested a double dissociation between DL and M PFC involvement during the Stroop task. In particular, MacDonald et al. (2000) suggest that DL regions are responsible for implementing cognitive control during colour-naming conditions, whereas the Anterior Cingulate Cortex (ACC) is responsible for monitoring task performance particularly during incongruent conditions.  Consistently, subsequent investigations have noted dissociations between the roles of DL and M PFC activation during the Stroop task (e.g. Milham et al., 2001; 2003; Markela-Lerenc et al., 2004). Interestingly, Bench et al. (1993) noted significant changes in activity only within M (BAs 24 and 32) and O (BAs 10 and 47) PFC regions during Stroop task performance, with no DL PFC activation reported. Thus, Bench et al. (1993) conclude that M PFC involvement in particular is associated with attentional control and response selection. However, the authors also acknowledge that manipulations such as presentation time can affect the pattern of activation observed in neuroimaging studies and may explain some differences in results between studies.

Ageing Studies
Ageing research has generally suggested that the Stroop interference effect increases with age (i.e. older individuals exhibit a larger increase in reaction times when naming the incongruent colour than younger individuals). An early study performed by Panek, Rush, and Slade (1984) found that older individuals responded significantly slower in both congruent and incongruent conditions. In addition, the response time differences between incongruent and congruent conditions were significantly larger for older individuals, demonstrating an increased susceptibility to Stroop interference with age as well as impairments in dealing with response competition. More recently, West and Alain (2000) investigated whether this effect is due to general age-related slowing or a specific inhibitory control deficit. From analysing Event-Related Potentials of various age groups, West and Alain (2000) found evidence for a significant age effect on response latency even after controlling for age-related differences in general speed. This indicates that the performance of older individuals is, to some degree, a result of a decline in inhibitory functioning. Furthermore, West and Bell (1997) noted that a decline in Stroop task performance was associated with increased PFC activity within older individuals. Milham et al. (2002) noted that during Stroop task performance older individuals demonstrated significantly greater levels of activation within M PFC regions than younger individuals (see also Langenecker et al., 2004), but that this was in addition to significantly lower levels of DL PFC activation. Milham et al. (2002) suggest that this pattern likely represents increasing sensitivity to competing responses and an attentional control deficit respectively. Interestingly, Van der Elst et al. (2006) found that, whilst age plays a significant part in the slowing of reaction times, age has less of an effect on accuracy. More precisely, the authors noted that the number of errors committed within an incongruent Stroop task condition was modulated by the level of education, and that as age increased the gap between participants with high and low levels of education also increased. Thus, age seems to have a more direct effect upon reaction time measures within the Stroop task, despite general processing speed declines.





The Tower of London (ToL) and Tower of Hanoi (ToH) tasks are commonly used to assess the ability of both patients and healthy individuals to solve problems. In the ToH task participants are required to rearrange discs of various sizes from one peg to another. However, there are several rules which participants must abide by. Firstly, only one disc can be moved at a time, and secondly only smaller discs can be placed on larger discs and not vice-versa. The ToL task is presented in a slightly different way, in that different coloured ‘snooker balls’ must be rearranged into a suitably sized ‘pocket’. The ToL task differs in that the pockets, unlike the pegs in the ToH task, are different sizes, with some able to hold more balls than others. This removes the need for a rule based on the size of the targets, and thus the only rule in the ToL task is that one ball must be moved at a time. Despite these differences, both tasks require problems solving and a forward plan of necessary moves in order for participants to complete them successfully.

Patient and Lesion Studies
In an early lesion study using the ToL task the performance of unilateral and bilateral frontal lobe damage patients was compared to that of healthy controls (Owen et al., 1990). Participants were required to manipulate a set of three balls to resemble an ideal goal-state, and were encouraged to form a plan before making the first move. Owen et al. (1990) observed that frontal lobe patients took significantly more moves to achieve the desired state than controls, and that they also solved fewer problems in the least possible moves. This impairment became more noticeable as difficulty increased (i.e. as the minimum number of moves required to solve the problem increased). However, it must be noted that the patient group were still able to complete the problems, and that they did not differ from controls in terms of the total number of trials completed. Similarly, Goel and Grafman, (1995) compared the performance of right, left, and bilateral PFC lesion patients to healthy controls on a ToH task. The researchers found that the patient groups solved problems significantly slower than controls, but that there was no difference in performance between the different patient groups. They observed that patients and controls were using similar strategies in order to solve the problems, and that the increased solve time was due to problems resolving conflicts between goals and subgoals of the task (e.g. when a move seems to be counter-intuitive). Gomez-Beldarrain et al. (2004) suggest that damage to the DL PFC in particular affects performance on tower tasks. In their study, the performance of right frontal lobe lesion patients (mainly consisting of patients with DL damage) was compared to both parietal lobe lesion patients and healthy controls. Gomez-Beldarrain et al. (2004) observed that DL lesion patients in particular earned a poorer total score on a ToH task (a composite score including measures of accuracy and completion time). Similarly, an earlier study by Manes et al. (2002) found that DL lesion patients correctly completed significantly fewer of the harder problems than O PFC lesion patients or healthy controls. Indeed, various other lesion studies have reported intact performance of patients with O PFC damage (Hornak et al., 1996; Dimitrov et al., 1999) and patients with M PFC damage (Cicerone & Tanenbaum, 1997).

Neuroimaging Studies
Similar involvement of DL areas has been noted in a variety of neuroimaging research. Morris et al. (1993) observed a significant increase in left PFC activity - mainly within DL regions - in healthy participants completing a ToL task.
Baker et al. (1996) administered a slightly different version of the ToL task to healthy individuals in a PET investigation. In this task participants were required to solve the problems mentally, without moving any stimuli, and simply report the minimum number of moves they believed necessary. Baker et al. (1996) found increased activation of BA 9 during thinking times. Similarly, Dagher et al. (1999) observed increased activation of BA 9 and 46 during a ToL task compared to resting state activation. Also, the researchers found evidence of greater activation of DL areas during more difficult problems. Rowe et al. (2001) related similar activation patterns specifically to the planning phase in a ToL task (see also Beuchamp et al., 2003). Indeed, recent neuroimaging studies have found evidence of an increase in DL activity especially during harder tower task problems (Fincham et al., 2002; Schall et al., 2003; Wagner et al., 2006). Newman et al. (2003) observed increased bilateral DL PFC activation during harder ToL problems, but only increased right DL PFC activity in easy problems compared to control conditions. The researchers go on to conclude that right DL PFC regions are recruited primarily in the planning stage of the tower task, whereas the left DL PFC regions are heavily involved in the execution and updating of this plan as the problem is being solved. However, it must also be noted that many neuroimaging studies also observe non-DL activation during tower tasks. The ACC in particular seems to be commonly recruited across all difficulties of problems (Lazeron et al., 2000; Rowe et al., 2001; Fincham et al., 2002; Van den Heuvel et al., 2003; Schall et al., 2003; Boghi et al., 2006) and may be necessary for successfully identifying the minimum number of moves required for harder problems (Elliott et al., 1997). Interestingly, Cazalis et al. (2003) found that whilst ‘high performers’ showed increased and extended activation of left DL regions during a ToL task, ‘low performers’ showed increased ACC activation instead. Similarly, some studies have implicated BA 10 activity (Baker et al., 1996; Beuchamp et al., 2003; Schall et al., 2003; Wagner et al., 2006; Newman et al., 2009) to successful performance on harder problems and O PFC damage (Manes et al., 2002) to longer deliberation times.

Ageing Research
Older individuals have been shown to make significantly more moves and score fewer correct problems (Allain et al., 2007). Indeed, Head et al. (2002) noted that older individuals performed poorly on the ToH task both in terms of the completion time and efficiency, and that such performance was related to PFC volume and functional WM decline with age. In contrast, a study performed by Gilhooly et al. (1999) found that older individuals did not take more moves than younger individuals to solve ToL problems. However, by encouraging participants to verbalise their thoughts during the planning and moving phases, the authors were also able to examine the quality of their planning process. Gilhooly et al. (1999) observed that older individuals produced more incomplete and error-full plans than younger individuals. The authors suggest that this effect is likely due to the high WM demands of planning and the lack of feedback during this phase. Somewhat similarly, Phillips et al. (2003) noted no age effects on either the number of problems solved within the time limit or the length of time taken to plan. However, when participants had to perform a different task at the same time as the ToL older individuals produced highly variable response times, especially if the second task involved a high degree of executive processing (e.g. a motor synchronisation task). Thus, tower task performance deficits with age seem to be particularly prevalent in the planning phase rather than during the moving phase.








The Iowa Gambling task (IGT) is a clinically recognised method of assessment. However, it is not functionally well defined, as it seems to involve both decision-making and inhibition elements, and seems to capture both O and M PFC areas (Bechara et al., 1994). In the IGT participants are asked to pick a card from one of four decks of cards laid before them. Participants are asked to earn as much money as possible from choosing the cards. Each deck - A, B, C, and D – has different properties, each with different rates of winning and losing. For instance, decks A and B would contain ‘bad’ cards that would state a higher loss than those ‘bad’ cards in decks C and D. Thus, participants would lose less money if they consistently choose decks C or D. Cards from deck A would result in a high win, but also a high loss. Those from deck B would also result in a high loss, but a limited win. However, participants should learn to choose cards from deck C whose cards would result in a low win but also a low loss, or deck D whose cards would result in a low loss and a high win. 

Patient and Lesion Studies
Bechara et al. (1994) observed that individuals with O and M PFC lesions performed significantly worse than healthy controls, and seemed to choose mainly decks A and B. Therefore, Bechara et al. (1994) concluded that such patients seemed to pay little attention to any potential loss, and focused on those decks with high win values even if they resulted in a net loss. Furthermore, Bechara et al. (1998) found that patients with anterior O PFC lesions performed significantly worse than healthy controls on a gambling task, but performed as normal on a task designed to test WM. Similarly, Rogers et al. (1999) found significantly increased PET activation within O PFC regions (BAs 10, 11, 47) during a gambling task. However, more recent investigations into IGT performance have been less supportive of this O PFC perspective. Manes et al. (2002) found that patients with O PFC lesions performed similarly to normal controls on several decision-making tasks (including versions of the IGT). The only resemblance to a deficit observed in such patients was a significantly longer thinking time before they made a choice. In contrast, patients with DL PFC lesions performed significantly worse on both WM tasks and the IGT (Manes et al., 2002). Patients with large-scale lesions to the frontal lobes also performed worse on the IGT, showing particularly risky decision-making behaviour. Manes et al. (2002) conclude that in decision-making tasks such as the IGT it is the interplay between DL and O PFC areas that is necessary for successful performance, and not the O PFC alone. Similarly, Fellows and Farah, (2005) observed that both DL and O PFC lesion patients perform poorly on the IGT. However, the authors found that when these groups performed a similar task in which the decks were re-ordered so as to present ‘loss’ cards first O lesion patients performed as controls whereas DL lesion patients were impaired (Fellows & Farah, 2005). By rearranging the decks in this manner, Fellows and Farah removed the ‘reversal learning’ component of the IGT by which participants must alter an already established stimulus-reward association and adapt their responses accordingly. Thus, the tendency of patients with O PFC lesions to underperform on the IGT is likely due to deficits in dealing with switches of reward contingencies rather than decision-making per se.

Neuroimaging Studies
The influence of DL PFC regions in the IGT has also been suggested by recent neuroimaging studies. Indeed in addition to O PFC activation, evidence of DL PFC activation has been observed during IGT performance in healthy individuals, particularly within BA 9 (Clark et al., 2003; Fukui et al., 2005). As the reversal of learned associations is likely underpinned by O PFC functions, it could be that the decision-making component of the IGT is underpinned - or at least supported – by DL PFC functions. Even if this is not the case, the results of these two neuroimaging studies (Clark et al., 2003; Fukui et al., 2005) suggest that healthy performance of the whole task may rely on both O and DL PFC functions.

Ageing Research
In society, participation in gambling activities has been shown to decline as age increases (Mok & Hraba, 1991). Similarly, Deakin et al. (2004) observed that older individuals took significantly longer to make a decision, made worse decisions, and took fewer risks in a gambling task. In this task participants were required to wager points on a two-choice problem – if they were correct they would win as many points as they wagered, whereas if the were incorrect they would lose that many points. In particular, Deakin et al. (2004) noted that older individuals wagered less per choice and chose fewer correct options regardless of how likely the outcome was. Denburg et al. (2005) observed similar age-related differences on IGT. In particular, whilst younger individuals shifted toward choosing the rewarding decks on the majority of trials older individuals either did not show a preference for these decks or showed a slight preference for punishing decks. However, decision-making deficits on the IGT are not altogether consistent. Indeed, the two ageing studies discussed earlier (MacPherson et al., 2002; Lamar & Resnick, 2004) both noted that younger and older individuals do not seem to differ in terms of IGT performance. 

Initial reports of lesion patient performance on the IGT suggested that the O PFC in particular was required for success. However, since then there seems to be a sizeable body of literature implicating DL PFC regions in the IGT, particularly when the need to modify learned stimulus associations is removed from the task procedure. As such, the IGT as a whole is not necessarily specific to any single PFC region and, due to its varying elements, likely recruits both orbital and dorsolateral regions for successful performance. Likewise, whilst the majority of evidence points towards apparent age deficits on the IGT, some doubts do exist.

Delayed Match/Non-Match to Sample

The Delayed Match (DMTS) and Delayed Non-Match (DNMTS) To Sample tasks have recently been employed by Lamar and Resnick, (2004) as measures of O PFC function. In a DMTS task participants are presented with a unique stimulus (often a picture with a specific shape and pattern of colours) before a delay period is introduced. After this period, participants are required to pick the familiar stimulus from an array of stimuli. As such this task involves simple visual discrimination as well as WM during the delay period. However, the DNMTS task additionally involves inhibition of response, as participants are instead required to pick the novel stimulus from the probe array. 

Patient and Lesion Studies
The majority of evidence regarding O PFC involvement comes from non-human primate lesion studies (Gaffan, 1974; Bachevalier & Mishkin, 1986; Gaffan & Murray, 1992; Zola-Morgan et al., 1989; 1993; Alvarez et al., 1994), though O PFC lesion monkeys have been noted to perform relatively unimpaired on a DMTS task (Rushworth et al., 1997). In one of the few human lesion investigations, Bechara et al. (1998) observed some O PFC lesion patients performed significantly poorer than controls on a DNMTS task. It must be noted, however, some O PFC lesion patients are unimpaired on a DNMTS task (Bechara et al., 1998). Bechara and colleagues suggested that those O PFC lesions patients who did demonstrate impairments failed due to the memory demands of the task. Furthermore, they observed significant and consistent DNMTS performance deficits in patients with DL and M PFC lesions. 

Neuroimaging Studies
Elliott and Dolan, (1999) conducted an fMRI study to investigate the influence of the delay period in both match and non-match to sample tasks. They noted that O PFC areas (particularly BA 11) were significantly activated during DNMTS task performance in healthy individuals. However, they also noted that no change in O PFC activation was observed in the DMTS task, and that the DNMTS task additionally activated BA 6 (M PFC). They also observed that activation within DL (BA 9) and M (BAs 24, 32) PFC regions was common to both DMTS and DNMTS tasks. Schon et al., (2004) found similar results across delay conditions within a DMTS task, with BAs 6 and 46 showing significantly increased task-related activation and no accompanying O PFC activation.

Ageing Studies
In an auditory DMTS task Chao and Knight (1997) noted that older individuals made significantly more errors than younger individuals. Likewise, they seemed to be more greatly affected by distracting tones. Lamar and Resnick (2004) observed significantly impaired performance on both DMTS and DNMTS tasks by older individuals. Lamar, Yousem, and Resnick (2004) followed up this observation with an fMRI investigation. Notably, Lamar and colleagues noted that older individuals only recruited PFC regions in the DMTS task, compared to the pattern of M and O PFC activation observed in younger individuals for DMTS and DNMTS performance respectively. Interestingly, older individuals instead seemed to recruit M PFC and temporal lobe regions in the DNMTS task. Similarly, Grady et al. (1998) found evidence of less O PFC yet greater DL PFC activation across delay periods within older individuals compared to younger individuals.  This suggests a degree of functional plasticity within the ageing brain, whereby recruitment is shifted away from O PFC regions.







Reversal Learning tasks (RLTs) operate under similar principles as the IGT. In RLTs two stimuli – usually meaningless fractals - are presented to participants, one with positive associations and one with negative associations. Two commonly-used RLTs are described below. In the standard RLT participants who choose the correct stimulus are rewarded, whereas those who choose the incorrect stimulus are punished. In a probabilistic version, however, the reward to punishment ratio is different for each stimulus – 70:30 for the positive stimulus and 40:60 for the negative stimulus. Thus, when the positive stimulus is chosen (sometimes measured by eye-tracking) participants are more likely to gain a reward. Similarly, positive stimuli usually involve higher rewards and lower punishments, whereas negative stimuli yield lower rewards and higher punishments. The important part of RLTs comes as participants begin to learn the association of positive stimuli with rewards using feedback provided after each choice. Midway through the task, after participants have chosen the correct stimulus several times in a row, the associations between the stimuli switch so that the stimuli that was positively associated becomes negatively associated. Participants, then, must adapt to this switch and learn to choose the previously negative stimuli. 

Patient and Lesion Studies
Rolls et al. (1994) compared the performance of two patient groups, those with O PFC lesions and those with non-PFC lesions, on a standard self-paced RLT involving a visual discrimination of two fractals. By choosing a particular fractal participants either gained or lost points. Rolls et al. (1994) observed that O PFC lesion patients completed significantly less reversals than non-PFC lesion patients and took significantly longer to adapt to reversals, continuing to select stimuli which had previously rewarded them. Similarly, Fellows and Farah (2003) administered a variation of the RLT to various lesion patients and healthy controls. In the task, participants were presented with two cards drawn from decks of different colours – choosing a card from the correct deck would result in a monetary reward whilst an incorrect card would result in a monetary punishment. Patients with O PFC lesions made significantly more perseverative errors than healthy controls after a reversal had occurred. In contrast, patients with DL PFC lesions were relatively unimpaired on the task, and performed as the control group. In addition, Fellows and Farah (2003) noted that the extent of lesion damage to the posteromedial O PFC correlated significantly with impaired performance on the RLT. Hornak et al. (2004) investigated lesion patient performance on a probabilistic version of the RLT, in which one of two patterns would reward participants with money the majority of the time they are chosen and the other would similarly punish participants. Hornak et al. (2004) found those patients with bilateral O PFC lesions, and some with unilateral DL PFC lesions, had problems adapting after the first reversal occurred, whereas those with unilateral O PFC or unilateral M PFC lesions performed similarly to healthy controls. The researchers attributed this impaired performance to problems attending to the feedback which was given after each choice, and this was supported by the observation that bilateral O and some unilateral DL PFC lesion patients earned significantly less money by the end of the task. Indeed, if O PFC patients present with problems attending to the feedback received from their choices then they would likely encounter problems utilising this to build and update a reward-stimulus association.

Similar lesion evidence which point towards the importance of O PFC areas comes from research involving monkeys. For example, Meunier et al. (1997) investigated RLT performance in rhesus monkeys which had been given bilateral O PFC (defined as BA 11, 13, 14, 25) or ACC (defined as BA 24, 32) lesions. The monkeys were required to either search one of two food-wells (a spatial task) or choose one of two objects (an object task), with a correct choice rewarded by banana pellets. The two lesion groups performed similarly at first, taking a similar number of trials to reach the first reversal. However, in the object task O PFC lesion monkeys took significantly more trials to reach subsequent reversals and made more errors than ACC lesion monkeys. No difference between the two groups was observed on the spatial task, most likely due to the compensatory recruitment of DL PFC areas in spatial discrimination tasks but not object discrimination tasks. Rolls et al. (1996) performed single-cell recordings in the O PFC of macaques during an olfactory discrimination task and a visual discrimination task, both with eventual reversal of the reward-punishment contingencies. Rolls et al. (1996) observed that a number of neurons in the O PFC showed evidence of adapting to the reversal in the olfactory task, with some cells ceasing to respond differentially to the two smells that were presented. Similarly, rapid adaptation was observed in different O PFC cells during the visual task, with only 8 trials required to alter response behaviour compared to 80 trials in the olfactory task. 

Neuroimaging Studies
Cools et al. (2002) investigated the patterns of PFC activation in healthy individuals whilst performing a probabilistic RLT. Using fMRI techniques, the researchers found that the right O PFC showed significant signal changes as participants attempted to adapt to a reversal. In addition, this signal change was not present in response to probabilistic errors (i.e. receiving negative feedback for a correct response), suggesting that this signal change represents the creation of new stimulus associations. Similarly, Hampton et al. (2006) found that whilst both M and O PFC regions showed increased activation for an expected reward, the O PFC increased significantly in its activity during adaptation to a reversal during a probabilistic task employing monetary rewards. Meanwhile, Kringlebach and Rolls (2003) investigated the activation patterns provoked by a social RLT. In this task, the stimuli were two neutral faces which, when chosen, either smiled or frowned to indicate a correct or incorrect choice. Kringlebach and Rolls (2003) noted significantly increased activation of the right O PFC during the trials immediately after a reversal. Similar to the previously mentioned macaque study (Rolls et al., 1996) O’Doherty et al. (2001) found that different parts of the human O PFC were implicated in different parts of the RLT. Activity in the medial O PFC seems to increase as participants learn the initial association between the positive stimulus and reward, whereas the lateral O PFC seems to be responsible for managing the switch in behavioural response to choosing the negative stimulus.

Ageing Studies
In regards to ageing, there is a distinct lack of evidence regarding RLT performance in healthy humans. Indeed, the majority of ageing evidence on the RLT comes from non-human animal research. In particular, older rats have been shown to exhibit problems acquiring reversed contingencies after the initial learning phase (Schoenbaum et al., 2002). Likewise, older rhesus monkeys performed worse on a spatial RLT than younger monkeys (Lai et al., 1995). However, overall performance did not differ between the age groups on an object RLT. Nevertheless, Lai and colleagues noted a tendency towards perseverative errors in both tasks with age.

However, like many of the other tasks described here, studies which employ a RLT often observe more than just orbital involvement. One of the most commonly reported areas of associated activation, in addition to orbital regions, is the ventral striatum (Cools et al., 2002; Kringlebach & Rolls, 2003; Hampton et al., 2006), an area commonly associated with the processing and anticipation of reward. Also, there may be a degree of DL PFC involvement in some RLTs, particularly in probabilistic versions. For example, Hampton et al. (2006) noted DL PFC activation after a reversal in their probabilistic task, as did O’Doherty et al. (2001), and Hornak et al. (2004) observed adaptation problems in some DL lesion patients. It is also important to note that the more general patients groups, such as the O PFC lesion group reported by Fellows and Farah (2003), commonly involve lesions which encroach upon other PFC areas. Therefore, it is unlikely that RLTs individually recruit O PFC regions for all aspects of the task. However converging evidence from patient and neuroimaging studies suggest that O PFC regions are particularly necessary for successful and healthy performance in at least a non-probabilistic, non-spatial RLT. Curiously, very few human ageing studies have included the RLT as a measure of cognitive function, though animal investigations do suggest that performance declines with age.

Matching Familiar Figures Test

The Matching Familiar Figures Test (MFFT) is a test of impulsivity commonly employed to assess children. Participants are shown an array of similar pictures and asked to identify the picture which matches a given target stimulus. 

Patient and Lesion Studies
Recently, the MFFT has been used to assess patients presenting with focal O PFC lesions, with selective damage to BA 10, 11, 12, and 13 (Berlin et al., 2004; 2005). Such patients typically commit more errors than other lesion patients and healthy controls and seem to take significantly longer to identify the correct match (Berlin et al., 2004; 2005). 

Neuroimaging Studies
No neuroimaging studies investigating adult cognition seem to have been carried out.
Ageing Studies
Likewise, a startling lack of adult ageing research has been carried out to investigate the relative performance on the MFFT.





The Yoni task is a test commonly used to assess empathic ability in participants. In the Yoni task participants must identify the item, from an array, to which the cartoon character (“Yoni”) is referring, based on a presented sentence at the bottom of the display. Participants are also able to use the eye gaze and facial expressions of the “Yoni” character to help them identify the correct target as quickly as possible. Therefore, participants will generally perform better at the task if they are able to empathically interpret the emotion that is shown by the character and the sentence, especially in trials where a second-order inference is required (e.g. “Yoni loves the toy that ____ loves”).

Patient and Lesion Studies
Grattan and colleagues (1994) investigated self-reported empathy in patients with frontal lobe lesions. A significant dissociation between empathic ability and cognitive flexibility was found when comparing those patients with O PFC lesions against those with M PFC lesions. In particular, Grattan et al. (1994) found that M PFC involvement led to problems on tasks demanding cognitive flexibility yet a relatively good performance on tasks requiring empathy. This contrasted to the intact performance of O PFC lesion patients on flexibility tasks but significantly poorer performance on empathic tasks. Grattan et al. (1994) concluded that the orbital areas of the PFC are functionally associated with empathy. Evidence from the use of the Yoni task to assess frontal lobe lesion patients seems to concur with such a conclusion. Indeed, patients with lesions predominantly involving O PFC areas (e.g. BA 10, 11, 12, 14) have been shown to commit more errors than patients with DL PFC lesions or healthy controls on the trials requiring empathic inferences (Shamay-Tsoory et al., 2007). 

Neuroimaging Studies
No instances of neuroimaging investigations have been conducted into healthy performance, and the associated activation within healthy adults is at yet unknown.

Ageing Studies
Similarly, no age-related changes or preservations in Yoni task performance have been noted.

Though the assessment of empathic ability does seem to be a promising avenue of specifically tapping O PFC function, the Yoni task itself lacks evidence. In particular, performance on the Yoni task has yet to be assessed in healthy individuals across the lifespan and to date no solid converging neuroimaging data exists to bolster the current patient findings.

The Faux Pas Task

The Faux Pas task is often used in social cognition research, and was employed by Stone et al. (1998) to investigate Theory of Mind (ToM) in patients with frontal lobe lesions. In the task participants hear a story of a social situation (which is also given to them in written form in order to control for possible memory-effects) and are various questions about events within the story. Crucially, participants are either given a story which contains a faux pas – a character says something awkward which breaks a social rule – or a control story in which no faux pas occurs. Participants are then asked if any character in the story said something they shouldn’t have, and if so who made the faux pas. These questions test the detection and the understanding of the faux pas. Participants are also asked other questions which require varying degrees of mentalising, such as why the utterance was a faux pas, and why that character said what they did. Finally, participants are asked a control question which often relates to some detail of the story in order to assure their comprehension of the story in general. Thus, the Faux Pas task requires several social cognitive elements for successful performance. Intact knowledge of social rules is required to initially identify the faux pas, moral reasoning is required to identify why the character broke a social rule, and some capacity to judge the seriousness of this break is needed to identify why the characters’ actions are inappropriate. Similarly, a degree of empathy and the ability to attribute emotional states is required to identify the consequential feelings of the characters in the story. Each of these elements has been shown to be connected with O PFC function.

Patient and Lesion Studies
When the Faux Pas task was administered to patients with bilateral damage to the O PFC Stone et al. (1998) found that they were impaired on the recognition of a social faux pas. This performance contrasted to that of unilateral DL PFC patients who successfully identified and understood the faux pas in each story. Similarly, a patient with frontal-variant Frontotemporal Dementia (fvFTD; showing marked atrophy of the O PFC and anterior temporal lobes) failed to identify any of the faux pas stories correctly, despite scoring normally on the control questions (Lough et al., 2001). Concurrent findings were observed in a larger patient study (Gregory et al., 2002), with fvFTD patients performing significantly worse than participants with Alzheimer’s Disease and healthy controls despite similar performance on control questions (see also Torralva et al., 2007). A study by Shamay-Tsoory et al. (2003) compared the performance of various lesion patients with that of healthy controls on the Faux Pas task. Patients with right PFC lesions in particular committed significantly more errors than those with posterior lesions or healthy controls, with O PFC lesion patients showing the most marked difference. Furthermore, Shamay-Tsoory et al. (2003) found that empathic scores of O PFC patients correlated significantly with their performance in the Faux Pas task, whereas the empathic scores of DL lesion patients correlated only with measures of cognitive flexibility. This suggests that the empathic and affective component of the Faux Pas task primarily recruits O PFC areas, whereas the cognitive component may additionally involve DL areas. Similar results were obtained in a later study, with O PFC lesion patients (particularly those with right-sided lesions) performing significantly worse than controls on a Faux Pas task whilst DL lesion patients showed no such difference in performance. Thus, there seems to be strong evidence for O PFC involvement in the mediation of the functions necessary for successful Faux Pas task performance. Somewhat contrary to this, Mah et al. (2004) observed that both O and DL PFC lesion patients performed significantly worse than control individuals on an interpersonal perception task. In comparison, patients with O and M PFC lesions (including BA 24/32) did not significantly underperform on the task. This suggests that DL PFC regions may be additionally necessary when participants are required to make inferences about social situations, particularly when no verbal information is available.

Neuroimaging Studies
A Single Photon Emission Computed Tomography (SPECT) investigation of healthy adult performance on a word recognition task involving mental state terms found evidence for specific increases in right O PFC activation (Baron-Cohen et al., 1994). Similarly, Blair et al. (1999) noted that participants showed significant increases in O PFC activation when discriminating between pictures of faces, but only in the angry face condition. Berthoz et al. (2002) noted increased activation of O PFC regions (BA 47) in healthy individuals when comprehending stories which detailed unintentional violations of social norms.

However, Fletcher et al. (1995) observed that activation increases during a ToM story comprehension task were only significant in the left medial frontal gyrus (BA 8) and the posterior cingulate cortex (BA 23/31), and not in O PFC regions. Similarly, Blair et al. (1999) found associated M PFC increases in activation in the ACC, in addition to O PFC activation, when healthy participants encountered angry faces. Similar ACC and O PFC (BA 47) activation is noted by Vogeley et al. (2001) in a ToM story comprehension task. Shallice (2001) suggests that M PFC regions such as BA 32 are responsible for ‘mentalising’ in more complex ToM tasks, particularly those involving deception. Furthermore, Gallagher et al. (2002) administered a mentalising task where participants played rock-paper-scissors against an opponent that they were either told was a human or a computer. The ‘human’ condition was intended to encourage participants to mentalise about the other’s mental state in order to compete in the task. In this condition Gallagher and colleagues noted that only the anterior portion of BA 32 exhibited a significant increase in activation. Berthoz et al. (2002) found evidence of extensive DL (BA 9) and M (BA 6/24) PFC activation across comprehension of stories describing intentional and those describing unintentional social rule violations in healthy individuals. Similarly, Brunet et al. (2000) conducted a PET investigation of the ability to attribute intentions in healthy adults. The participants’ performance during a ToM cartoon task was associated with increased activation in BA 9 compared to during a control cartoon task. Gallagher et al. (2000) found similar evidence of BA 9 activation in both ToM story and cartoon tasks. 

Ageing Studies
Very few studies have investigated age-related changes in Faux Pas task performance. A large proportion of ToM research has proposed an age-related decline in ability. Indeed, older individuals have been shown to perform poorly when answering questions whose answers require the ability to mentalise (i.e. to think about the mental state, intentions, and beliefs of another individual; Uekermann, Channon, & Daum, 2006). Similarly, older individuals exhibit deficits in identifying and processing emotions, particularly negative emotions (e.g. Phillips et al., 2002). However, Happe, Winner, and Brownell (1998) suggest that ToM abilities are relatively preserved with age. In particular, Happe and colleagues noted that older individuals perform as well, if not better, than younger individuals on a social story comprehension task. Likewise, MacPherson et al. (2002) found no evidence of a social or emotional deficit in older individuals when they performed the Faux Pas task.








The PFC has recently been implicated in the operation of two emotional processing systems (Phillips et al., 2003). One of these systems is responsible for the interpretation of meaning from emotional stimuli and the production of an affective state, whilst the other system is responsible for the explicit regulation of the produced states (Phillips et al., 2003).  Phillips and colleagues implicate the ACC in particular as necessary for the integration of these two functions, and that the former system of emotional identification involves activation of M PFC areas and functions. The PFC has particularly strong connections with the medial temporal lobes and amygdala (Catani et al., 2002; Damasio et al., 1994). In common Emotional Identification tasks participants are required to name the emotions expressed by presented faces, scenes, or voices. 

Patient and Lesion Studies
Hornak et al. (1996) examined the performance of an array of lesion patients on facial and vocal Emotion Identification tasks. Those patients with predominantly ventral PFC damage – which includes O and M PFC areas - were significantly poorer on both tasks when compared to other patients and healthy controls. 

Neuroimaging Studies
Much of the current fMRI evidence points to activation in both orbital and medial areas of the PFC during the identification of emotions from affect-loaded utterances and written words (Wildgruber et al., 2002; 2005). However, a classic study into the connections of the ventral PFC suggests that O PFC areas such as BA 11 and 12 receive sensory information particularly in the visual modality, whereas M PFC areas such as 32 seem to receive predominantly auditory information (Barbas, 1988). Thus, although Hornak et al. (1996) does not explicitly specify the sites or extent of the patients’ lesions, it seems likely that several perhaps dissociable areas would be playing their parts in affecting performance on the two types of Emotional Identification tasks. Indeed, Rama et al. (2001) conducted an Emotional Identification task in which participants had to identify the affect being expressed in different versions of an utterance. Rama and colleagues found that the task significantly activated M PFC areas, such as BA 6, whilst no other PFC activity was observed. This helps to suggest that M PFC areas may be particularly involved in the identification of emotion from vocalisations.

Ageing Studies
Phillips et al. (2002) tested young and old individuals on a range of tasks designed to measure emotional ability. In particular, the authors noted that older individuals performed significantly worse than younger individuals on the Reading the Mind in the Eyes task – in which participants are required to identify emotions from the eyes of a model only. Comparatively, no age effect was observed on an emotion identification task which involved viewing the whole face, or in story-based emotion identification tasks (Phillips et al., 2002). Wong, Cronin-Golomb, and Neargarder (2005) similarly describe an age-related decline in emotional identification from faces, with no such decline observed in an auditory emotional identification task. However, Wong and colleagues partially attribute this deficit to a perceptual impairment, and note that older individuals examine faces in a different way in regards to eye movements.

Though the evidence regarding age-related change in emotional identification is relatively concurrent, very few studies have explicitly examined the possibility of impairments with age. Similarly, whilst emotional identification tasks have proved useful in assessing prefrontal functions the current evidence cannot support its specificity. Indeed, considering that Hornak et al. (1996) do not provide evidence of either a specific O or M PFC deficit, and that both O and M PFC regions are found to be highly active in neuroimaging studies, it seems difficult to conclude that emotional identification tasks preferentially recruit M PFC areas. Instead, it seems likely that both the O and the M PFC play important roles in successful task performance.

The AX-Continuous Performance Task

The AX-Continuous Performance task (AX-CPT) refers to a variant of a classic continuous performance task, and involves participants fixating a series of briefly presented visual stimuli and responding to a certain pattern of cues. Normally, participants are asked to respond only if they see an A cue followed by and X probe, and are not meant to respond to other patterns such as AY or BX.  However, more recent versions (e.g. MacDonald et al., 2005) have required participants to respond to non-AX trials too, though using a different response key.

Patient and Lesion Studies
The AX-CPT has proven particularly useful in investigating potential deficits in various conditions, including patients suffering from schizophrenia. Schizophrenia has been suggested to involve radical deficits in dopaminergic networks within the brain; particularly affecting those within the PFC. Yoon et al. (2008) performed a functional imaging investigation where both schizophrenic and healthy individuals performed a version of the AX-CPT. Yoon et al. (2008) found that schizophrenic patients made significantly more errors on the AX and BX trials of the task (i.e. when participants experience a high degree of response competition), but performed as normal for other trials. More importantly, however, they found evidence of both anterior and posterior cingulate activation in healthy individuals, as well as significant activation within premotor areas such as BA 6. This level of activation was not present in schizophrenic patients. In a similar investigation of conditions which affect the PFC, McClure et al. (2005) found that bipolar disorder patients performed significantly worse than healthy controls on the AX-CPT, a deficit which may be in part due to problems with response flexibility which is associated with medial regions of the PFC.

However, more recent studies which have utilised the AX-CPT have found less specific evidence for M PFC involvement. Baird et al. (2006) found that a patient with a unilateral ACC lesion showed no significant difference in accuracy when compared to healthy control participants. The patient did, however, perform significantly worse in terms of reaction times when a long delay was presented between cue and probe. However, it is in such delay conditions that many studies implicate regions other than the ACC. For example, Yoon et al. (2008) found that in addition to M PFC activation there was also evidence of more DL activation (BA 9) especially during longer delay conditions and an analysis of functional connectivity suggested that schizophrenic patients presented with significantly diminished DL connectivity. Similarly, Barch et al. (2001) found that whilst both groups showed significant activation increases within the M PFC (e.g. BA 24/32), the differences in performance between healthy and schizophrenic individuals was due to significantly reduced left DL activation in the patient group (see also Holmes et al., 2005). 

Neuroimaging Studies
Earlier, this task was used by Carter and colleagues (1998) to assess the role of the ACC – part of the M PFC region – in tasks with high error rates. In particular, they found that greater ACC activation, as measured by fMRI scanning, was related to the presentation of similar but incorrect patterns. For example, participants showed greater ACC activation during AY trial performance compared to BY trial performance. Carter et al. (1998) concluded that the ACC plays a vital role in tasks which create response competition, and that this increased activity of the ACC in trials with a strong prepotent response could indicate some performance-monitoring role. However, it is important to note that the ACC is only activated in those AX-CPT trials which are subtly incorrect, and that other regions such as the DL PFC are activated across most trials - representing the maintenance of task demands such as task rules and contextual information (Braver & Bongiolatti, 2002; Breiter & Rosen, 1999; MacDonald et al., 2005). 

Ageing Studies
Chen et al. (1998) compared the performance of older adults with that of adolescents in a CPT version. Older adults exhibited a lower hit-rate and a higher rate of false-alarms than adolescents. Thus, it seems that age-related deficits in CPT performance may manifest after adolescence, particularly in middle- to older-age. As of yet, few studies have investigated older adult CPT performance compared to that of younger adults. Braver et al. (2001) observed that older and younger individuals differed in terms of reaction times and accuracy on the AX-CPT. In particular, older individuals committed significantly more errors and exhibited significantly longer reaction times than younger individuals on BX and AY trials compared to AX or BY trials. Both BX and AY trials are associated with a high-degree of response conflict. Similarly, Mani, Bedwell, and Miller (2005) examined performance under either ‘clear’ (i.e. a clear letter on a black background) or ‘noisy’ (i.e. a degraded letter on a background of white noise) conditions. The authors note that overall accuracy decreased with age, regardless of the condition. Commission errors – those which the participant incorrectly responded on, for example false-alarms – in particular were found to increase with age, suggesting a specific response inhibition deficit in older individuals.





In the Simon task, participants are required to respond to lateralised stimuli with congruent or incongruent response methods. For example, participants are told to respond to red squares with their right hand and blue squares with their left. In congruent response trials, red squares are presented on the right side of the display, and blue squares are presented on the left side. Thus, in these trials, the responding hand is on the same side as the target stimuli. However, in incongruent response trials red squares are presented on the left side of the display and blue squares on the right – meaning the right hand must respond to a stimulus in the controlateral side of space. Response times are the primary measure derived from the Simon task, and they are expected to be significantly longer in the incongruent trials than in the congruent trials. Similar to the Stroop task, one of the most important elements of the Simon task is the process of conflict monitoring. In the incongruent trials of the Simon task participants must address the conflict between two responses – responding to the stimuli with the ipsilateral hand regardless of colour, and responding to the colour of the stimuli with the controlateral hand. The ACC (BA 24 and 32) has been implicated in the monitoring and resolution of competing responses (Botvinick et al., 2004; Van Veen et al., 2001; Van Veen & Carter, 2002). 

Patient and Lesion Studies
A recent lesion study performed by Di Pellegrino and colleagues (2007) noted that patients presenting with rostral ACC damage (BA 24 and 32) performed significantly worse on the Simon task than non-frontal lesion patients and healthy controls, often taking longer to respond to incongruent stimuli (Di Pellegrino et al., 2007). 

Neuroimaging Studies
Recent fMRI studies have observed activation in M PFC areas, including the ACC during the Simon task (Kerns, 2006; Liu et al., 2004; Peterson et al., 2002). Kerns (2006) found that healthy participants showed significant increases in ACC activation (BA 6/32) during incongruent trials of a Simon task in which they saw red or green circles. Indeed, other studies have noted increases in ACC activation specifically during incongruent or error trials (Braver et al., 2001), suggesting that M PFC regions are responsible for detecting conflicts during task-related processing. Interestingly, Fan et al. (2003) notes some O (BA 10) and DL (BA 9) PFC activation increases in incongruent trials of a conflict task, in addition to ACC activation. Such findings could be particularly worrying when considering that Peterson et al. (2002) observed similar activation patterns between both Stroop and Simon tasks, and suggested such tasks may rely on similar functions. However, Liu et al. (2004) noted significantly stronger activation of ACC and M PFC regions in a Simon task when compared to that shown in a Stroop task, and as such not all conflict tasks may recruit similar regions.

Ageing Studies
Van der Lubbe and Verleger (2002) observed evidence of general cognitive slowing across Simon task conditions, with older individuals exhibiting significantly longer reaction times than younger individuals. However, they also note that the Simon effect (i.e. the difference in reaction times between incongruent and congruent conditions) is significantly larger in older than in younger individuals, suggesting inhibitory control deficits with age. Bialystok et al. (2004) describe similar results when administering the Simon task to monolingual participants. Interestingly, the authors also note that the decline in performance is less prominent in bilingual individuals, suggesting that bilingualism may help to protect against age-related declines in inhibition.








Thus, in order to reliably investigate patterns of functional decline in healthy ageing the present study aims to compare the performance of young and older participants on the most specific of the above tasks. However, the wealth and concurrence of previous ageing research is also a concern. As such, two tasks indicative of DL PFC function (the SOPT and the DB task), two tasks indicative of O PFC function (the RLT and the Faux Pas task), and two tasks indicative of M PFC function (the AX-CPT and the Simon task) seem the most suitable. Previous age-related effects have been noted on the SOPT (Shimamura & Jurica., 1994; MacPherson et al., 2002; Chaytor & Schmitter-Edgecombe., 2004), the DB task (Dobbs & Rule., 1989; Hester et al., 2004), the AX-CPT (Chen et al., 1998; Braver et al., 2001; Mani et al., 2005), and the Simon task (Van der Lubbe & Verleger, 2002; Bialystok et al., 2004). Despite it’s previously discussed specificity in representing O PFC function, age-related changes have not previously been investigated in RLTs except in non-human primates (Lai et al., 1995). Similarly, differences between age groups have been observed in various ToM tasks (Happe et al., 1998; Phillips et al., 2002; Uekermann et al., 2006), indicating that such functions may be subject to change over the lifespan. When accounting for previous findings and the established theories of ageing, such as the dorsolateral prefrontal theory (MacPherson et al., 2002), a pattern of performance differences between young and older participants could be hypothesised. Indeed, if DL PFC regions are firstly and most profoundly affected by age, then older individuals should show relative impairments on tasks which primarily demonstrate DL functions. Similarly, if M PFC regions are relatively spared by the ageing processes (Salat et al., 2005) then there should be no difference between age groups in terms of performance on medial function-specific tasks. Lastly, if O PFC areas do show early and marked decline (Resnick et al., 2003; Lamar & Resnick, 2004) then older participants should show relative impairments on tasks which primarily recruit such regions.








 The current study recruited a total of 36 participants from two age groups – 19 aged between 18 to 30 years (M = 20.53, SD = 2.95), and 17 aged between 65 and 81 years (M = 72, SD = 4.44). Younger participants were recruited through the undergraduate subject pool at the Psychology Department, University of Edinburgh, and were rewarded with course credit for their participation. Older participants were similarly recruited through a volunteer subject panel based at the Psychology Department, University of Edinburgh, and were reimbursed for their time. None of the participants from either group had any history of the neurological or psychiatric disorders listed in the exclusion criteria for the Wechsler Adult Intelligence Scale-III UK and the Wechsler Memory Scale-III (WAIS-III UK and WMS-III UK respectively; Wechsler, 1997).

A descriptive analysis of the two age groups was performed (Table 2.1). The younger and older groups did not significantly differ in terms of years of education. Similarly, younger and older participants did not significantly differ in terms of handedness as assessed by the Edinburgh Handedness Inventory (EHI; Oldfield, 1971). In this case, the means of both the young and old groups indicate right-hand dominance on average. Importantly, there was no significant difference between the two groups in terms of score on the Addenbrooke’s Cognitive Examination – Revised (ACE-R; Mioshi et al., 2006). Similarly, no significant difference was observed when comparing the Mini Mental-State Examination (MMSE) scores of the two groups, indicating that both groups were cognitively unimpaired and showed no signs of dementia. Younger and older participants performed similarly on a measure of memory span, the Digit Span Forwards (DF) subtest from the WAIS-III UK (Wechsler, 1997), showing no significant differences in memory capacity. However, a measure of full-scale IQ (FSIQ) derived from the 2-subscale Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) showed that younger and older groups did significantly differ in terms of intelligence. Interestingly, the IQ of older participants was significantly higher than younger individuals. Similarly, and in line with previous literature, younger and older groups significantly differed in a measure of processing speed (score on the Digit Symbol Coding subtest of the WAIS-III UK). Both of these differences were controlled for in subsequent analysis.

Table 2.1 Descriptive statistics of the two age groups.
Task/Variable	Younger 	Older 	F (1, 34)	p Value
	Mean (SD)	Mean (SD)		
Education (years)	14.84 (1.53)	15.35 (2.69)	.5	.49
EHI Laterality Quotient	61.7 (52.25)	69.04 (31.75)	.25	.62
ACE-R Score	95.32 (4.72)	96.59 (3.76)	.79	.38
MMSE Score	29.68 (.67)	29.35 (1.5)	.76	.39
DF Score	12.58 (2.22)	11.71 (1.9)	1.59	.22
WASI FSIQ	116.26 (12.07)	128.06 (4.83)	14.16	<.005
DSC Score	90.79 (14.98)	72.94 (11.24)	16.04	<.001











In addition to the experimental prefrontal tests, participants were also administered several tests to examine potential effects of intelligence, speed of processing, and cognitive impairments. Intelligence was assessed through the 2-subtest version of the WASI (Wechsler, 1999); with an overall fluid intelligence score calculated from a participant’s performance on both the Vocabulary and Matrix Reasoning tasks. The Vocabulary subtest involves participants initially naming items which are presented as pictures – such as “Fish”. After successfully naming these items participants are informed that the items they will see will be words, and that their task now is to give a definition of each word that they see. A list of 44 words, ranging in complexity from “Bird” to “Panacea”, are then presented one at a time for the participants to define. Similarly, the Matrix Reasoning subtest involves participants viewing an incomplete array of abstract shapes or patterns. Participants are required to identify the shape or pattern from a selection of 5 options which would correctly complete the array. Again, these problems range from those requiring relatively simple logic to solve (i.e. one-dimensional problems like choosing the option with the same shape as the others in the array) to those requiring more abstract logic (i.e. multi-dimensional problems such as colour, pattern, and position in the array). In both subtests participants have the option of ‘passing’ if they do not know; though several incorrect or passed problems in a row prompts an end to the task. Administration and scoring were both according to the standard WASI guidelines (Wechsler, 1999), and particular attention paid to the age of older participants for these. 

A general measurement of memory span was calculated from performance on the Digit Span Forwards task from the WAIS-III (Wechsler, 1997). This task is similar to the DL PFC task ‘Digit Span Backwards’ (from the WAIS-III, see below). In the Forwards version participants are required to repeat aloud a series of numbers which the experimenter reads out. Participants are given a maximum of 16 trials, with 2 trials per level. These levels range in difficulty from 2-digit to 9-digit series’. Failure on both trials of a single level prompts an end to the task. Administration and scoring was performed according to the standard instructions accompanying the WAIS-III (Wechsler, 1997).

Similarly, a participant’s speed of processing was measured using the Digit-Symbol Coding subtest of the WAIS-III (Wechsler, 1997). In this task participants are given a list of symbols with spaces below each one for them to write in. They are also provided with a key, which allows participants to decode each symbol into its corresponding number from 1 to 9. Participants are given 2 minutes in order to complete as many items as possible by writing in the correct number below the correct symbol. Initially, participants are given a demonstration as to how to respond, with the experimenter filling out the first 3 boxes, before being given 4 practice items which ensure comprehension of the task. The experimenter then explains the rules of the task – in particular that each item must be completed in order, without participants skipping any item. Afterwards, participants complete as many of the subsequent 93 items as possible in the given time. Again, administration and scoring are both carried out according the standard instructions provided with the WAIS-III (Wechsler, 1997).

Potential cognitive impairments were screened for by administering the ACE-R (Mioshi et al., 2006), which consists of a total of 26 tasks broken down into attention, memory, fluency, language, and visuospatial sections. From these, component scores can be calculated for each section as well as a total ACE-R score. Similarly, an individual’s Mini-Mental State Examination (MMSE) score can be calculated from a combination of scores on particular tasks. The maximum total ACE-R score attainable was 100, with a maximum score of 30 possible for the MMSE measure. ACE-R versions A and B – which differ only in the name and address used during the anterograde memory, recall, and recognition sections of the test – were used alternatively within each age group. Administration and scoring was in accordance with the standard instructions provided with the test (Mioshi et al., 2006).

Finally, the handedness of each participant was measured through the use of the Edinburgh Handedness Inventory (EHI; Oldfield, 1971) which calculates the laterality quotient based on responses to several questions based around activities from writing to opening a box. For the activities which require two hands, participants are instructed to think about a particular portion of the activity such as the hand used for holding the box lid. Participants are presented with the inventory in questionnaire form, and are given as much time as they require to complete the task. Responses take the shape of plus-signs (i.e. “+”) recorded within either the “right hand” or “left hand” column. Two marks within a single column indicates an extreme preference for a certain hand, and that the other hand would never be used in the activity in question. Similarly, one mark in each column indicates indifference in terms of laterality, and that both hands are used equally as often in the activity in question. The lack of any response to a particular item indicates that the participants has never performed the activity before and has no experience of their preferred hand during it.

In addition to these background tasks each participant was required to complete a brief questionnaire designed to collect descriptive data. In particular, participants were asked to provide their gender, age, and details of their educational achievement including the number of years spent in full-time education. All participants gave their informed consent, and ethical approval was granted by the departmental ethical committee.  

Tests of Dorsolateral PFC Dysfunction

Self-Ordered Pointing Task
Participants were presented with a computerised version of the SOPT (Petrides & Milner, 1982) in which an array of fractals appeared on a 20” touch-screen monitor. Each black and white fractal was specifically designed to be novel and to not resemble concrete objects. Participants were instructed to choose pictures one at a time by touching the screen until they had selected all of the pictures in the set. Participants were encouraged to choose stimuli in any order so long as they did not choose the same picture more than once. After each choice the order of pictures within the array changed to prevent participants relying on a spatial strategy. A 4-picture practice trial was provided at the start of the task before moving on to 3 trials of 12 pictures in the main task. A set size of 12 pictures has been shown to be sensitive to age-related differences between younger and older participant groups (MacPherson et al., 2002). The practice array was arranged in a 2 x 2 matrix and the main arrays were presented in a 4 x 3 matrix, with each picture presented in a randomly assigned location. Participants were encouraged to carefully examine each picture and focus on accuracy rather than speed. The computer recorded the responses of each participant and errors were classified as items chosen more than once.     

Digit Span Backwards Task
The Digit Span Backwards task from the WAIS-III UK (Wechsler, 1997) was administered to participants according to standard instructions. Participants were read a series of digits which they were then required to repeat in reverse-order. There were a total of 14 consecutive trials, with each sequence increasing by 1 digit every second trial – with the first trial consisting of 2 digits and the last trial consisting of 8 digits. Each sequence was read by the experimenter one digit at a time, and at an even pace and tone. Sequences were not repeated, although participants were given the opportunity to change their answer before moving on to the next trial. Responses were recorded on standard response forms and scored according to the scoring guide from the WAIS-III UK (Wechsler, 1997).

Tests of Orbital PFC Dysfunction

Faux Pas Task
Participants were read a series of 20 stories that related to social situations (Stone et al., 1998). In order to minimise the role of WM participants were also given hard-copies of each story which they could read and refer to. After each story, participants were asked several questions about events in the story. Half of the presented stories contained a social faux pas in which one of the characters said something inappropriate or offensive, whereas the other 10 stories contained no such events. The questions that followed each story consisted of an initial probe to determine whether the participant thought a faux pas had occurred, after which a control question was asked to assess their understanding of the story. If participants did believe a faux pas had been committed, their were asked to elaborate in regards to who had said something inappropriate, why it was inappropriate, why they may have said it, and how other characters may have felt as a result. Thus, the participants were required to demonstrate knowledge of social rules and as well as the ability to adopt the protagonist’s mental state and an empathetic understanding of how the utterance would affect others. Participants were given as much time as they required to study the stories and to answer the questions that followed. Correct answers were deemed to have included reference to an unintentional faux pas and the relative naivety of the protagonist. Meanwhile responses were judged as incorrect if they implied that an inappropriate utterance was deliberate or if they included facts that did not appear in the story.

Reversal Learning Task
The two versions of the RLT used by Hampton et al. (2006) were adopted for the study. Firstly, participants were presented with a basic RLT, in which they were required to make a choice between two meaningless fractals that appeared briefly on a screen after a preceding fixation cross. Participants were shown an example of such a presentation, with a different fractal shown on the right and left of the screen, so as to be familiar with the type of stimuli to expect. In the experimental task slightly different fractals were used, and the position of each fractal was counterbalanced. Participants were informed that one of the fractals would reward them with 25 ‘virtual’ pence, whereas the other would loose them 25 pence, but were not informed that the reward-punishment association would reverse after 8 correct choices in succession. Feedback was given after each choice in the form of a picture of money in the event of a correct choice and a similar picture with a large red cross overlaid in the event of an incorrect choice. Also, a running total of the participant’s money was shown after each choice. If the participant failed to select a fractal in time they were presented with a red cross (without the picture of money) and their total remained unaffected. A total of 50 trials were administered.

The second RLT was a probabilistic version of the first task. The probabilistic version was identical to the initial task but with a few key differences. Firstly, different fractals were used so as to rule-out any associations that may have been carried over from the first version. More importantly, however, the reward-punishment associations of each fractal were not absolute. Indeed, one of the two fractals rewarded participants only 60 percent of the time and punished them 40 percent of the time, and similarly the other fractal punished more often but did sometimes reward participants. Participants were informed that the correct fractal may not always reward them, but by choosing it they would gain more money on-average than if they chose the incorrect fractal. Again, participants were not informed that the reward-punishment association of each fractal would switch after 8 correct choices in a row. The number of choices it took participants to effect the reversal, and the number of choices it took to begin choosing the other fractal afterwards were recorded in each task, as was the total amount of money that each participant accumulated.

Tests of Medial PFC Dysfunction

Simon Task
A classic Simon Spatial-Incompatibility task was used (Simon, 1969; Experiment 1 from Tagliabue et al., 2007), in which participants were presented with a series of red or green squares. These squares appeared briefly, one at a time, on either the left or right of a computer screen. Participants were required to respond by pressing either a red or a green key when they saw the appropriate colour square. The position of each key, pressed by either the right or left hand, was counterbalanced across participants. Before each coloured square appeared a fixation cross was presented to reset attention towards the centre of the screen. In the event that a participant responded incorrectly, or failed to respond in time, a row of 6 exclamation marks appeared on the screen so that participants knew they had made an error. In order to familiarise participants with the task 8 practice trials were administered before the main task. The task consisted of 240 randomly ordered trials, half of which were ‘Simon trials’ in which a red or green square was presented to the controlateral side as to the appropriate response key. Responses were recorded and the number of errors committed by each participant was counted.

AX-Continuous Performance Task









The mean error score of young and old participant groups in each cognitive task – dorsolateral PFC tasks (Figure 3.1), orbital PFC tasks (Figure 3.2), and medial PFC tasks (Figure 3.3) – is shown below. From these it seems that older participants commit more errors on average on the Self-Ordered Pointing task, version A of the Reversal Learning task, and the AX-Continuous Performance task. Interestingly, older individuals appear to be committing fewer errors than younger participants on the Simon task. The significance of these differences between participant groups, as well as more detailed performance on each task, was further investigated using ANCOVAs which controlled for full-scale IQ and processing speed differences (as measured by Digit Symbol Substitution performance). These results are summarised below in Table 3.1, with each of the tasks categorised separately as dorsolateral, orbital, or medial PFC tests.

Figure 3.1 Raw mean number of errors committed by the age groups for dorsolateral PFC tasks.

SOPT = Self-Ordered Pointing task




Figure 3.2 Raw mean number of errors committed by the age groups for orbital PFC tasks.

RLA = Reversal Learning Task A (simple)
RLB = Reversal Learning Task B (probabilistic)





Figure 3.3 Raw mean number of errors committed by the age groups for medial PFC tasks.

AX-CPT = AX-Continuous Performance task
ST = Simon task


Table 3.1 Age effects on each task after controlling for covariates.
Task	F Ratio	p Value
SOPTTotal Errors	F (1, 34) = 8.28	< .01
DBTotal Errors	F (1, 32) = .59	.45
Faux Pas taskTotal ErrorsFaux Pas ErrorsControl ErrorsEmpathy Errors	F (1, 32) = 1.8F (1, 32) = 3.09F (1, 32) = .08F (1, 32) = .2	.19.09.79.66
RLTContingencies Completed AContingencies Completed B	F (1, 27) = 5.21F (1, 32) = .27	<.05.61
AX-CPTTotal ErrorsCue ErrorsProbe Errors	F (1, 23) = 5.5F (1, 24) = 2.37F (1, 31) = .68	<.05.14.42
Simon taskTotal ErrorsCongruent Trial ErrorsIncongruent Trial Errors	F (1, 32) = 2.92F (1, 32) = 3.64F (1, 32) = 1.17	.1.07.29
SOPT = Self-Ordered Pointing task
DB = Digit Span Backwards
RLT = Reversal Learning task
AX-CPT = AX-Continuous Performance task


Tests of Dorsolateral PFC Dysfunction

Self-Ordered Pointing Task
An ANOVA revealed a significant difference between the two age groups in terms of perseverative errors (where participants choose an item they have already selected earlier in the trial) committed on the Self-Ordered Pointing task, F (1, 34) = 23.68, MSE = 5.55, p < .001.

An ANCOVA was performed on the total number of perseverative errors made on the Self-Ordered Pointing task, with both Processing Speed and the observed IQ differences between the groups added in as covariates. The main effect of age persisted even after controlling for the covariation, F (1, 34) = 8.28, MSE = 5.71, p < .01, suggesting that older individuals (M = 8.35, SD = 1.8) made significantly more errors than younger individuals (M = 4.53, SD = 2.76) and that this difference was not due to processing speed declines.









Digit Span Backwards Task
An ANOVA performed on the total score on the Digit Span Backwards task showed no significant difference between the two age groups, F (1, 34) = 2.84, MSE = 3.84, p = .1.





Tests of Orbital PFC Dysfunction

Faux Pas Task
An ANOVA was carried out on the total number of errors committed on the Faux Pas task, however no significant difference between the two groups was observed ((1, 34) = 0, MSE = 24.38, p =.99).

To further investigate possible age effects on the subcomponents of the Faux Pas task the scores of both age groups on the faux pas questions, the control questions, and the empathy questions were entered into an MANCOVA with processing speed and IQ entered as covariates (see Table 3.2). No significant effect of age was observed on the MANCOVA, Wilks’s Λ = .1, F (3, 30) = 2.29, or the univariate analyses.

Table 3.2 MANOVA conducted on Faux Pas task elements.
Error Type	Younger	Older	F (1, 32)	MSE	p Value	2p
	Mean (SD)	Mean (SD)				
Total Errorsa	12.55 (6.77)	12.27 (5.45)	1.8	36.15	.19	.05
Detecting Faux Pasb	10.21 (5.93)	10.59 (4.21)	3.09	24.83	.09	.09
Control questionsc	.05 (.23)	.00 (.00)	.08	.03	.79	.00
Empathy questionsd	2.29 (1.26)	1.68 (1.58)	.20	2.13	.66	.01
a. Maximum error score = 80, b. Maximum error score = 50, 




Five of the younger participants failed to complete the standard reversal learning task (Task A) and were removed from that analysis, however they did complete the probabilistic reversal learning task (Task B). Thus, the data from a total of 31 participants were analysed for Task A, and the full 36 for Task B.

An ANOVA was performed on the number of completed contingencies on each version of the Reversal Learning task. A significant difference between the two age groups was observed in Task A - F (1, 29) = 10.95, MSE = 1.39, p < .005 - but not Task B – F (1, 34) = .13, MSE = 1.3, p = .72.
An ANCOVA was performed on the number of completed contingencies on each of the Reversal Learning tasks. The effect of age on the standard Reversal Learning task (Task A) remained significant even after entering processing speed and IQ as covariates, F (1, 27) = 5.21, MSE = 1.44, p < .05. Indeed, older participants completed fewer contingencies than younger participants (M = 3.24, SD = 1.48; M = 4.64, SD = .63 respectively). The probabilistic version however (Task B) was not significant after controlling for the covariates, F (1, 32) = .27, MSE = 1.33, p = .61.

Performance on Task A was further analysed by entering the number of trials taken to complete the first, second, and third contingencies (i.e. to achieve 3 reversals) into an ANCOVA. Older and younger participants significantly differed in the number of trials taken to achieve the first reversal (F (1, 26) = 4.31, MSE = 30.55, p < .05), with older individuals seeming to take more trials than younger individuals (M = 14.5, SD = 7.33; M = 8.79, SD = 1.12 respectively). In contrast, participants did not show any difference in performance during the second and third contingencies (F (1, 25) = .16, MSE = 19.6, p = .69; F (1, 23) = 3.59, MSE = 81.81, p = .07 respectively).

Tests of Medial PFC Dysfunction

AX-Continuous Performance Task
The total number of errors committed on the AX-Continuous Performance task (the sum of incorrect responses to cue and probe trials) was entered into an ANOVA. The scores of 4 younger participants and 5 older participants were deemed as outliers for error scores above 100 and were removed from the analysis. A significant group effect was observed, F (1, 25) = 10.72, MSE = 175.83, p < .005. This effect was further analysed by breaking the total error score into errors committed on cue trials and errors committed on probe trials. Cue responses were necessary to ensure attention remained on the task, whereas Probe responses were taken as a measure of response competition and contextual processing. An ANOVA revealed no significant difference between individuals on probe trials, F (1, 33) = 1.34, MSE = 87.5, p = .26, but a significant difference on cue trials, F (1, 26) = 5.03, MSE = 139.7, p < .05.

However, when an ANCOVA was performed on the number of errors committed on the cue trials, the effect of age did not remain significant after controlling for processing speed and IQ differences, F (1, 24) = 2.37, MSE = 143.59, p = .14. Instead, an ANCOVA was performed on the total number of errors made on the AX-Continuous Performance task. The main effect of age remained significant after processing speed and IQ differences had been controlled for, F (1, 23) = 5.5, MSE = 164.77, p < .05. 

A MANCOVA was performed to compare the percentage of errors committed in response to cues and probes on AX trials and non-AX trials (Table 3.3). The age effect upon total errors noted above seemed to be mainly due to older participants committing a significantly higher proportion of errors on AX trials. When this was broken down further no age-related difference between the two groups was apparent in terms of response to probe letters on either the AX trials or the non-AX trials. However, participants did show an age-related difference in their response to cue letters, with older participants committing a higher percentage of errors on both AX and non-AX trials than younger individuals. Whilst processing speed could partially account for this difference (AX trials: F (1, 32) = 4.85, p <.05; Non-AX trials: F (1, 32) = 4.96, p < .05), the group effect remained even after controlling for IQ and processing speed. Thus the apparent group differences on the AX-Continuous Performance task are likely driven by poor cue performance of older individuals on AX trials.

Table 3.3 AX-Continuous Performance task performance of the groups on each trial type.
Error Type	Younger	Older	F (1, 32)	MSE	p Value	2p
	Mean (SD)	Mean (SD)				
Total Percentage ErrorsAX TrialsNon-AX Trials	16.23 (20.59)22.29 (17.88)	23.77 (17.86)21.23 (15.35)	7.432.48	329.49252	< .05.13	.19.07
Probe Percentage ErrorsAX TrialsNon-AX Trials	5.35 (4.1)22.37 (16.61)	12.94 (10.6)12.5 (9.18)	2.051.55	57.57171.34	.16.22	.06.05
Cue Percentage ErrorsAX TrialsNon-AX Trials	27.11 (39.1)22.2 (25.3)	34.61 (37.68)29.96 (29.85)	6.096.65	1274.4662.12	<.05<.05	.16.17
Simon Task
In order to establish that a Simon effect was observed in the experiment a paired-sample t test was performed on the number of correct responses on ‘Congruent trials’  compared to the number of correct responses on ‘Simon trials’. Performance on the two types of trial did significantly differ, t (35) = 4.57, p < .001, with more correct responses on ‘Congruent trials’ than on ‘Simon trials’ (M = 117.5, SD = 3.2; M = 114.25, SD = 4.36 respectively).

An ANOVA performed on the total number of errors committed by participants on the Simon task revealed a significant difference between the two age groups, F (1, 34) = 8.07, MSE = 33.48, p < .01. Further analysis of the components of the total error score were carried out. The total number of errors on ‘Simon trials’ (those with incongruent stimuli-response associations) was not significant, F (1, 34) = 3.23, MSE = 17.86, p = .81. However, the total number of errors on ‘Congruent trials’ was significant, F (1, 34) = 9.48, MSE = 8.26, p < .005.






The present study examined the age-related effects on several tasks thought to be sensitive to dorsolateral (DL), orbital (O), and medial (M) prefrontal cortex (PFC) dysfunction. Age effects were observed in both DL PFC tasks (Self-Ordered Pointing task and Digit Span Backwards task), one O PFC task (the Reversal Learning task), and one M PFC task (the AX-Continuous Performance task. Both the Faux Pas task and the Simon task failed to show any group differences. Whereas the age effects on the DB was completely explainable by processing speed differences between groups, the age effect shown on the other tasks remained significant after controlling for covariates. In particular, older participants committed more perseverative errors on the Self-Ordered Pointing task (SOPT), completed fewer contingencies on the Reversal Learning task (RLT), and committed more cue-response errors on the AX-Continuous Performance task (AX-CPT). Furthermore, these results support the idea that different PFC functions show different age-related trajectories. Also, these significant age effects remained even after controlling for measures of processing speed, indicating that global cognitive decline cannot solely account for the pattern of deficits shown by older individuals on such tasks. Indeed, the present results support those theories which go beyond general age-related decline and suggest differential sensitivity to the effects of ageing across PFC areas.

	
Evidence of Dorsolateral PFC Dysfunction

In line with previous suggestions of a dorsolateral prefrontal cortex theory of ageing (MacPherson et al., 2002), older participants in the present study tended to make more perseverative errors on the self-ordered pointing task by selecting an item that they had previously selected within a trial. When breaking performance down by the relevant trial age effects persisted in trial 3 errors only. In particular, it seems that older individuals tended to commit significantly more errors than younger individuals on this final trial. These findings seem similar to those of the 61-70 year-old age group described by Shimamura and Jurica (1994). In particular, older individuals seem to perform worse on each trial, with particularly poor performance demonstrated on the final trial. As Shimamura and Jurica (1994) suggest, it could be that older individuals in the present study are receiving increasingly strong ‘inhibit’ signals for pointing to familiar stimuli (i.e. the abstract pictures they viewed in the previous trial). This may mean that individuals incorrectly choose a stimulus already chosen within the trial because they recognise the alternatives from between trials. Similarly, it could also indicate perhaps that older individuals could not maintain the set of stimuli in working memory (WM) within trials (see West et al., 1998), and that repeated strain of this system reduces it’s effectiveness in later trials. In either case, a general WM deficit alongside an inhibitory control problem could explain both relative impairments compared to younger individuals on each trial and over the course of the experiment. 

However, it should be noted that no effect of age was observed on the number of errors made during Digit Span Backwards (DB) performance. In regards to DB task performance the present results are in keeping with the observations of Lamar and Resnick (2004). In particular, they similarly observed no significant age-related differences in DB score – a finding which led them to suggest relative preservation of DL PFC regions compared to O PFC regions. However, the lack of a significant age effect in both the present study and that of Lamar and Resnick (2004) could be due to several issues both functional and methodological. First of all, differences in task difficulty between the DB and the SOPT should be considered. DL and M PFC regions have been shown to be increasingly recruited in line with rising levels of difficulty in many executive tasks – such as self-ordered WM tasks (e.g. Chase et al., 2008; see also Rypma & D’Esposito, 2000) and versions of the Tower task (e.g. Manes et al., 2002). Thus, if the 12-item SOPT is ‘harder’ than the longer number lists of the DB task, then it may be that it involves greater degrees of DL and M PFC functioning. Thus it could be the relative dysfunction of these areas in older individuals which provokes the poorer performance on tasks which demand more complex processing. More methodologically, the DB task has an obvious ‘fail’ point where participants realise that they can no longer remember the strings of numbers. This in turn provides a sort of internally-generated feedback which may be driving participants to simply give in. This contrasts to the SOPT which provides no performance feedback and all of the possible options are presented visually, thus participants are encouraged to keep going until they complete the trial. Interestingly, Robbins et al. (1998) found a significant correlation between performance on a spatial WM task and strategy use in younger individuals, but not in older groups. The authors suggest that though the age groups seemed to use similar strategies, older individuals could not implement them to the same effect – and thus did not gain the same benefits in terms of performance. Whilst the present study deliberately used a non-spatial WM task consideration of strategy use is nonetheless worthwhile. In particular, the relatively intact performance of older groups on the DB task when compared to the SOPT may reflect the abundance of alternative strategies in the former task.  More precisely, participants have access to a variety of possible strategies – including the ability to store the number sequences in both auditory and visual WM systems (via visualisation; Hoshi et al., 2000), and the ability to search the sequence forward for the next number (see Gerton et al., 2004). Also, it could be that verbal stimuli such as those presented in the DB task could be relatively well-practiced and thus place less demands on WM than the more unfamiliar visual stimuli used in the SOPT (see Baddeley, 1996; Miyake et al., 2001). This is not to say that there is no age-related decline in DB performance. Indeed, the DB task has been shown to primarily recruit DL PFC and TL regions (Hoshi et al., 2000; Gerton et al., 2004; O’Sullivan et al., 2005; Fitzgerald et al., 2006) – both of which are heavily affected by cognitive ageing (e.g. Esposito et al., 1999; Curiati et al., 2009). Similarly, several studies (Dobbs & Rule, 1989; Hester et al., 2004; Bopp & Verhaeghen, 2005) suggest that older individuals are impaired on the DB task. As such the executive demand involved in the WM manipulation within the DB task may simply be insufficient to produce age-related differences large enough to be observed in the present study.


Evidence of Orbital PFC Dysfunction

The present findings also seem to somewhat support Lamar and Resnick’s (2004) proposal of an orbital prefrontal cortex theory of ageing. Indeed, older individuals in the present study completed significantly fewer reinforcement contingencies within the number of reversal learning task trials. It is interesting to note that no age-related difference in performance was noted on the probabilistic version of the RLT, which has been reported to show a stronger relation to O PFC function than the standard RLT (e.g. Swainson et al., 2000). Though it is likely that the difficulty of the probabilistic task underlies the poor performance of both age groups, it suggests that the O PFC struggles with inconsistent reward information as much in older individuals as it does in young individuals. However, recent studies have attempted to break the RLT into distinct phases of performance. Whilst the ‘reversal’ phase of the task has commonly been shown to preferentially recruit O PFC regions during the decision to switch responses (O’Doherty et al., 2001; Cools et al., 2002; Hampton et al., 2006; Ghahremani et al., 2010) the ‘learning’ phase is somewhat more complex. Older participants in the present study seem to take longer to achieve the criteria necessary for the first reversal to occur. In contrast, they seem to take as many trials as younger individuals to achieve subsequent reversals. Thus, the relative deficit in RLT performance exhibited by older participants may represent impairment during this ‘learning’ phase rather than a decision-making or strategy application deficit. Furthermore, as no complimentary age-related decline in performance was noted on the Simon task it seems unlikely that response selection or inhibition are responsible for the RLT deficits observed here, contrary to the suggestion of Dias et al. (1996). Deakin et al. (2004) similarly suggest that older individuals may take longer to learn to avoid high-risk options and that they tend to adopt more conservative strategies than younger individuals. This notion of associative learning deficits with age marries well with the reported relationship between performance in ‘learning’ phases of the RLT and O PFC activity (Budhani et al., 2007), and as such seems to support Lamar and Resnick’s (2004) suggestion of O PFC dysfunction in older individuals. 

No age differences were observed on the more social-emotional Faux-Pas task – a result which concurs with previous findings (MacPherson et al., 2002). 
It should be noted however that the latter authors did observe deficits in other social-emotional tasks designed to tap the O PFC. Indeed, previous literature suggests that there is some degree of emotional deficit within older individuals. Happe et al. (1998) found that old people performed significantly better than younger individuals in a task that required participants to answer questions about Theory of Mind (ToM) stories. Similarly, the results of the present study are consistent with Gross et al. (1997) who suggest an improved ability for emotional regulation with age. Whilst this may not reflect an actual increase in functional capacity (instead it may represent the build up of social knowledge over a lifetime) it does at least hint at some preservation of ToM abilities in later life. However, on the other end of the spectrum, Uekermann et al. (2006) reported age effects on tasks which required mentalising – the ability to perceive and understand the mental state of others – which can roughly be conceived as a component of an individual’s ToM (see Frith & Frith, 2003). They found that older participants were significantly worse at answering questions which required them to think about the experiences of characters within a joke. The authors go on to suggest an age-related decline in the ability to mentalise. Story-based ToM tasks, then, seem to be somewhat unreliable in highlighting age-related differences, and this may explain why no deficit was found on the Faux Pas task despite the relative O PFC impairments (as shown by performance on the RLT). Similarly, Bird et al. (2004) describe a lesion patient (Patient GT) who showed extensive damage to both O and M PFC regions, including the cingulate cortex, yet performed as well as healthy controls on a task involving comprehension of unintentional and intentional social rule-violation stories. Despite damage to the regions commonly reported to be activated during Faux Pas-like tasks (e.g. Berthoz et al., 2002) Patient GT was only impaired in judging unintentional rule violations as embarrassing, and this deficit was relatively slight. Bird et al. (2004) conclude that regions implicated by neuroimaging studies, such as the O PFC, may contribute but may not be necessary for successful social task performance. As a result, the Faux Pas task may not be a suitable indicator of O PFC function. 

A more suitable ToM task which incorporates both mentalising and empathic components may be the Reading the Mind in the Eyes task (Baron-Cohen et al., 2001). Phillips et al. (2002) used this task to demonstrate that older individuals have problems identifying emotions using the eyes alone as a cue, and show particular deficits in identifying sad and angry expressions. However, the literature regarding this task and healthy individuals is somewhat more scant than other ToM tasks, and this would need to be rectified alongside a more detailed investigation into the specificity of this task before it can be adopted as an ‘O PFC task’. The fact that older individuals are, however, not impaired at identifying emotions using verbal descriptions brings up an interesting possibility. Negative emotions such as sadness and anger have important significance within social groups and help other individuals to select and modify appropriate responses to suit the situation (see Hasselmo et al., 1989; Rolls et al., 2006). For example, if someone is angry an individual would do well to avoid them or treat them with care or face unfavourable consequences. Thus, the deficits which older individuals exhibit in identifying socially-relevant negative emotions may be a reflection of their problems using reinforcement information from stimuli to alter their responses. More precisely, their performance on an emotional identification task may be related to their performance on the Reversal Learning task. A closer investigation of age-related performance in regards to emotional tasks with social consequences is warranted. Thus, the present study supports the age-related decline in only some O PFC functions, namely the ability to encode and use stimulus-reward associations for decision-making, rather than Lamar and Resnick’s (2004) theory of more general O PFC dysfunction.
Evidence of Medial PFC Dysfunction

The relation of the present findings to a medial prefrontal cortex theory of ageing is somewhat more complex. Whilst no age-related differences between the groups emerged in terms of Simon Task performance, older participants did commit significantly more cue response errors in the AX-CPT. Interestingly, accuracy on probe trials was not significantly different between the two groups on either AX or non-AX trials. This could mean that the impairment shown by older individuals in this task is not related to response competition per se (as would be indicated by probe response deficits), but the ability to end and reset responses. Similarly, response selection should not be an issue, as participants must respond to all cue stimuli using the same key. Instead, cue response may simply be measuring attention towards the task in general and not towards performance, thus older individuals may simply be unprepared for the reset back to the cue stimuli (an interpretation supported by the significant effect of processing speed on cue responses). Indeed, Riccio et al. (2002) performed a review of the AX-CPT literature and concluded that the task primarily assesses attention and inhibition. Attention, however, is a rather widespread function, with functional activity reported not just in M PFC regions but also in DL and O PFC regions (Cohen et al., 1988; Hazlett et al., 1993; Macar et al., 2002). The lack of any age-related change in response to target stimuli is at odds with previous studies which have used similar CPTs (e.g. Mani et al., 2005). Indeed, Mani et al. (2005) reported an increase in errors – especially errors of commission (incorrectly responding to non-target trials) – associated with age. However, although the sample size was admittedly smaller, in the present study older individuals did not show this decline. Gong et al. (2005) suggest correlations between regional grey-matter concentration and intelligence measures are particularly significant in M PFC regions (BAs 24 and 32). Given the significantly higher intelligence levels observed in the present study it may be that these individuals exhibit little decline in M PFC volume, and this may in turn result in the preserved M PFC functions noted above. However, this would seem to contradict the recent investigations of cognitive ageing that have observed relative decrements in M PFC regions such as the ACC (e.g. Hazlett et al., 2010; Gutchess et al., 2010). There is a possibility that, despite no significant evidence of M PFC dysfunction in the present study, some physical decline may have existed within the older individuals. Nevertheless, any such physical decline in M PFC regions was not enough to translate into a functional deficit on the administered tasks. This may indicate either that M PFC dysfunction presents later than the age span represented in the present study, or that the present study was simply unable to detect a relatively small age-related decline in M PFC function. Either way there seems to be little in the way of evidence to suggest a sustained attention for performance or a response inhibition deficit with age, and so no evidence of specific M PFC dysfunction. Instead, and contrary to recent suggestions (Hazlett et al., 2010; Gutchess et al., 2010), M PFC functions seem to be relatively preserved with age.


A Dorsolateral/Orbital Theory of Ageing

Processing Speed
A variety of research has suggested that age-related differences in task performance can be comprehensively explained by a single factor – processing speed (e.g. Nettelbeck & Rabbitt, 1992; Lindenberger et al., 1993; Bors & Forrin, 1995; Graf & Uttl, 1995; Salthouse, 1992; 1996). Processing speed declines have been shown to account for a large degree of age-related differences in fluid intelligence (Bors & Forrin, 1995; Nettelbeck & Rabbitt, 1992) and memory (Graf & Uttl, 1995). Salthouse et al. (1996) conducted an investigation to assess the contribution of processing speed in age-related task performance. In particular, the authors noted that a composite measure of speed could account for differences on measures of WM span and control, associative learning, and fluency. Contrary to this, in the present study significant age effects were observed even after controlling for processing speed decline. From the pattern of deficits observed in the present study, it seems plausible to suggest a region- and function-specific theory of cognitive ageing. Indeed, whilst general measures of age-related decline such as processing speed undoubtedly played a part in the performance of individuals on the tasks detailed here they could not account for the whole of the dysfunction that older individuals show. This conclusion is similar to those of previous processing speed studies (e.g. Bors & Forrin, 1995; Nettelbeck & Rabbitt, 1992; see also Keys & White, 2000). However, as discussed by Roznowski (1993; see also Roznowski & Smith, 1993) controlling for the contribution of processing speed in ageing research is rarely straightforward. Indeed, the age-related decline in processing speed does not always appear to be a linear one (e.g. Verhaeghen & Salthouse, 1997). Thus, even statistically controlling for processing speed effects between older and younger participant groups may not be sufficient to partial out its contribution. Instead, it may be useful in future to group participants by performance on a processing speed measure as well as chronological age to ensure that participants are at roughly similar stages of decline on such a variable. Notably, a model consisting of processing speed could account for a significant portion of the variance within the DB task in the present study. 

Inhibition
Dempster (1992) proposed a theory of ageing in which inhibition was the primary deficit. Dempster suggests that many of the tasks which seem to indicate age-related impairments, such as the Wisconsin Card Sorting task (WCST) and the Stroop task share the common feature that each involves interference of some sort – either from a competing response or from external distracters. As such Dempster (1992) suggests that a decline in the ability to deal with such interference, i.e. by inhibiting it, is one of the main hallmarks of cognitive ageing. Previously, Hasher et al. (1991) administered a letter-naming task in which participants had to name the colour of a target letter within pairs of coloured letters. In some trials, the distracter letter from the previous trial was used as the target letter in the next trial. Younger individuals took longer to identify the target in such conditions, showing a lasting influence of inhibition for the previously distracting letter. In comparison, older individuals showed relatively similar reaction times in both this ‘sequential’ condition and a control condition in which new distracters and targets were used each time. As such, Hasher et al. (1991) concluded that age is associated with a decline in inhibitory control. Age-related differences in inhibition have similarly been reported in an eye-tracking study of spatial attention (Castel et al., 2003). However, when considering the present study an inhibitory deficit does not seem to explain the age-related impairments observed. Indeed, although it could potentially explain the increase in perseverative errors older individuals seem to commit in the SOPT, no age-related deficits were observed on several tasks which should involve inhibition such as the AX-CPT and the Simon Task. Similarly, a deficit in inhibition should have manifested in the later contingencies of the RLT where participants had to switch from a previously rewarding stimuli, however no impairment was observed in these measures. This result seems consistent with a study performed by Mayr (2001) in which no age differences were observed when participants were required to switch rules (in a similar fashion to the WCST) during a task and inhibit the previous rule. As such, it seems that inhibition cannot be the only factor influencing the performance of older individuals in the present study.

A Unified Theory of Ageing
However, performance on the SOPT and the RLT Version A could be better explained by other age-related differences than processing speed. Since these tasks are primarily associated with DL and O PFC function it seems likely age-related decline specifically regarding these areas is responsible for the pattern of impairments observed. Thus, somewhat of a combination of the DL PFC theory (Rypma & D’Esposito, 2000; MacPherson et al., 2002) and the O PFC theory (Lamar & Resnick, 2004) of ageing, which goes beyond theories of general functional decline, can be suggested. Indeed, the present study suggests that a pattern of differential functional deficits and preservations emerges with age. The observation of impaired performance on the SOPT suggests a WM deficit, whereas impaired RLT performance suggests a problem learning reward-stimulus associations. This contrasts to relatively intact social knowledge and empathic ability as exhibited by Faux Pas Task performance, as well as intact response inhibition, context flexibility and performance monitoring as shown by both the AX-CPT and the Simon task. As such, age-related decline seems to primarily affect cognitive abilities, whilst leaving more affective abilities unimpaired.

O (BA 47) and M (BA 6/32) PFC activation has been linked with the reward of correct and punishment of incorrect responses during the initial acquisition phase of the RLT (Budhani et al., 2007). Whilst the notion of selective O PFC dysfunction is compatible with previous studies (e.g. Raz et al., 1997; Convit et al., 2001; Tisserand et al., 2002) an associative learning deficit does not seem to fit with previous observations of O PFC damage (Fellows & Farah, 2003). One explanation is that age-related decline actually affects M PFC areas which affect performance on other tasks, including the RLT – and thus appear as O PFC dysfunction. However, as no definitive age-related deficit was noted on the M PFC tasks then this conclusion is unlikely. A more complete explanation would be the initial learning deficits observed in the present study could represent underlying memory or attention deficits with age, particularly in representing and processing task instructions. Furthermore, age-related deficits have been reported in pattern learning both when explicitly instructed to observe the pattern and when left to discover it for themselves (Howard & Howard, 2001). This is particularly interesting with reference to the RLT in which participants are left to discover which stimulus is the ‘correct’ one in the initial contingency. Thus, it could be that older individuals have problems dealing with uncertainty (see also Mayr, 2001). Similarly, older individuals have been reported to demonstrate problems maintaining task goals within WM (Duncan et al., 1996; De Jong, 2001). Thus, the already observed DL PFC dysfunction which underlies the observed WM problems may extend to interfere with RLT performance. This would mean that the deficits shown by older individuals on the RLT could be explained by DL PFC decline, rather than being evidence for O PFC decline. Concurrently, the acquisition of punishment-stimuli associations has been shown to recruit DL PFC regions (O’Doherty et al., 2001; Linke et al., 2010). However, given the preference of the RLT to O PFC involvement it seems unreasonable to completely rule out its contribution towards the deficits observed. Indeed, although general WM deficits seem to be underpinned by DL PFC decline, memory in the RLT requires that reward and punishment values be represented too (e.g. Meunier et al., 1997; Padoa-Schioppa & Assad, 2006; Budhani et al., 2007; Hampton & O’Doherty, 2007; Glascher et al., 2009).

Performance on the SOPT, as previously discussed, is associated with activation (e.g. Petrides et al., 1993; Curtis et al., 2000) and damage (e.g. Petrides & Milner, 1982; De Zubicaray et al., 1997) to DL PFC regions (BAs 9 and 46). Thus the WM deficit observed in the present study is likely due to DL PFC dysfunction, a conclusion which is consistent with previous WM investigations (e.g. Stern et al., 2001; Rypma & D’Esposito, 1999; 2000; McIntosh et al., 1999). However, considering both that the SOPT performance appears to additionally recruit O PFC regions, and that some degree of impairment was apparent on an O PFC task, it seems wise to suggest that it is not just DL PFC regions which show functional deterioration with age.






The Role of Intelligence
The significantly different level of intelligence observed between the two age groups in the present study deserves some comment. The differences likely emerged as the older participants used in the present study were recruited from a panel of such individuals which is commonly used for a variety of psychological research. Intelligence undoubtedly plays a role in cognitive ageing, as high childhood intelligence likely contributes towards healthy attitudes towards living and thus predicts mental and physical health outcomes in later life (see Gottfredson & Deary, 2004). However, having a high level of intelligence does not seem to protect against cognitive decline with age – especially on problem solving and memory task performance (Christensen, 1994). Thus, in the present study, whilst older individuals did show significantly higher levels of intelligence than younger individuals this likely did not obscure the contribution of age-related decline to their task performance. Regardless, the present study did attempt to statistically control for intelligence variations by entering participants’ performance on the digit-symbol coding task as a covariate in all analyses. Thus, the age-related dysfunction observed on the SOPT and the RLT are unlikely to be due to intelligence differences, and should represent genuine age effects. 

Visual Working Memory
It is curious to note that the two tasks that highlighted notable age-related dysfunction both involved some degree of visual object discrimination. In particular, the SOPT required participants to discriminate between the monochrome abstract patterns in order to successfully recognise those already selected, and the RLT required participants to discriminate between coloured abstract patterns in order to gain money. However, discrimination by colour alone seems to be intact in older individuals, as they show relatively normal performance on the Simon task. It could be that the ability to discriminate objects based on complex visual properties is a primary deficit that emerges with age. It is also possible that the deficit lies in the ability to store object properties in and manipulate visual WM in particular, as no accompanying WM deficit was observed on the DB task. Future studies would benefit from assessing executive abilities on tasks that involve less visual demands in order to ascertain at what level of stimulus (e.g. visual or verbal, object or spatial, pattern or colour) such impairments in older individuals occur.

Further Subdivisions
Recently there has been increasing evidence for further differentiation of the PFC regions described here. Two particular regions, each commonly involved in complex cognition, have been shown to be heterogeneous in function and in structure – the frontal pole (O PFC BA 10) and the ACC (M PFC BA 24/32). Kringlebach and Rolls (2004) suggest that the O PFC region itself can be differentiated into posterior and anterior regions, each with distinct organisations and functions. In particular, posterior regions seem to deal with the processing of simple reinforcing stimuli such as pain, whereas more anterior regions are involved with processing more complex reinforcing stimuli such as money. Furthermore, a meta-analysis conducted by Gilbert et al. (2006) suggests that BA 10 can be broken down into several sub-regions. Indeed, BA 10 has been implicated in the performance of several cognitive functions, such as episodic memory (Duncan & Owen, 2000), prospective memory (Okuda et al., 2007), problem solving (Christoff et al., 2001), and self-reflection (Craik et al., 1999). Gilbert et al. (2006) found evidence to support the distinction between medial and lateral areas of BA 10, with mentalising tasks showing a strong association with medial areas and working and episodic memory tasks showing strong associations with lateral BA 10 activation. Accounts for a similar subdivision within the ACC have also gained strength recently. Bush et al. (2000) suggest that the ACC be broken into caudal and rostral regions and review evidence that these areas are differentially implicated in cognitive and affective processes respectively. The authors review the functional subdivision through the use of two types of Stroop-like task, one in which emotional words appeared (e.g. “murder”) and one in which number words appeared (e.g. “three”). In counting the number of words on the screen under each version, participants showed significantly increased activation of the rostral ACC during the emotional task and increased activation of the caudal ACC during the number task (see Bush et al., 2000). Consideration of further differentiation within the three PFC regions noted in the present study may be important for investigating the effects of ageing. In particular, it allows further refinement of region-specific cognitive tasks and would help assess the possibility of differential ageing profiles within complex PFC structures. Indeed, as both the frontal pole and the ACC seem to exhibit some sort of cognitive-affective divide any distinction in terms of ageing may provide evidence for a specific cognitive or affective functional decline. In particular, a specific cognitive decline would be consistent with the results of the present study, as affective abilities have been shown to be relatively preserved.

Can Function Be Subdivided?
It must be noted that any region-specific theory of ageing is reliant on the capability of frontal tasks to specifically test the respective areas. The present study acknowledges that choosing a cognitive task to selectively represent the function of a particular frontal region is difficult, if not impossible. Although the tasks used here were carefully reviewed to ensure maximum specificity successful performance undoubtedly recruits more than just a single PFC area, and indeed more than just the frontal lobe. In particular, the ageing of temporal regions (Mittenberg et al., 1989; Moscovitch & Winocur, 1992; Golomb et al., 1993) likely contributes towards the impairments observed here. Considering this alongside the extensive literature which suggests the heavy interconnectivity between PFC regions (Cummings, 1995; Mega et al., 1997; Barbas et al., 1999; Petrides & Pandya, 1999; Öngür & Price, 2000; Kringlebach & Rolls, 2004), and it may seem increasingly arbitrary to label tasks as “dorsolateral” or “orbital”. Instead, it may be more useful to consider age-related decline not as regions-specific deficits, but as impairments in particular PFC networks (which may extend beyond the PFC). 







One consideration that may be worth discussing is the intriguing possibility for functional reorganisation in older individuals. This idea suggests that the relatively intact abilities observed in older individuals may be a result of the involvement of a different network of regions. In such cases other PFC regions may essentially ‘pick-up the slack’ for declining regions. However, functional reorganisation may also involve a change in the diffusion of function across the lifespan. Indeed, patterns of task-related fMRI activation and the cortical areas recruited do seem to differ between younger and older participants (e.g. Leinsinger et al., 2007). Positive images have been reported to elicit a higher M PFC response than negative images in older individuals, compared to a higher M PFC response to negative images in younger individuals (Leclerc & Kensinger, 2008; see also Addis et al., 2009). When performing a location matching task, in which participants indicated whether two objects appeared in the same position, Leinsinger et al. (2007) observed that younger individuals exhibited a pattern of right-PFC activation which encompassed DL areas (BA 9 and 46), M areas (BA 6), and O areas (BA 11). In contrast, older individuals demonstrated DL and M activation alongside additional BA 8 and 19 activations. Similarly, when the same participants performed a face-matching task, older individuals seemed to show significantly higher levels of activation in M PFC regions and additionally recruited left-PFC structures (Leinsinger et al., 2007). Such differences in activation were observed despite statistically similar performance between the age groups both in terms of reaction time and accuracy. Heuninckx et al. (2005) suggest that the increases in DL PFC activation often observed in older individuals actually reflect an improvement in performance monitoring and motor control. This could indicate that older individuals are offsetting any decline in M PFC function by recruiting DL PFC areas, hence their relatively intact performance on the AX-CPT and Simon task in the present study. 

If functional compensation does indeed occur, it may well be that age-related task deficits are not a representation of a function’s susceptibility to age-related decline, but are instead an indication of the ease at which other regions can compensate. Functional reorganisation also has severe implications for the anatomical specificity of tasks themselves. Indeed, during semantic encoding of objects older individuals show correlations between successful item recognition and DL (BA 9) and M (BA 6) activation, compared to O (BAs 11 and 47) activation in younger individuals (Grady et al., 2003). Such a change in regional involvement could particularly affect the interpretation of RLT performance with age, as a shift towards DL PFC activation during encoding could explain the problems faced by older individuals in the initial contingency. Further investigation is required to ascertain if older individuals similarly change their recruitment of cognitive resources during the successful performance of any other tasks. 

Gender-Dependent Profiles of Ageing
Another interesting consideration is the possibility of gender-related differences in physical ageing. In particular, recent accounts have suggested that men and women may show different profiles of age-related decline in brain regions. An MRI study conducted by Resnick et al. (2000) noted particularly strong gender-linked differences in decline of frontal lobe regions. Earlier MRI studies have hinted at a greater decrease in frontal lobe volume in men than in women (Cowell et al., 1994; Murphy et al., 1996). Cowell et al. (2007) suggest that male PFC ageing is characterised by anatomical decline in both DL and O PFCs, whereas females only show significant age effects in DL PFC volume. Furthermore, Cowell et al. (2007) conclude that the timeline of physical decline with age differs between men and women, with men showing earlier decline than women. Indeed, men have been shown to exhibit the greatest and earliest declines in both DL (Gur et al., 2002) and O (Curiati et al., 2009) PFC volume. Given the limited number of participants in the current study a further investigation into possible gender-related differences was not possible. However, it would be useful for future studies aiming to examine functional age-related decline to also examine particularly male participants’ task performance.

Middle-Age
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